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Due to sever aerodynamic heating, the protection of forebody of scramjet is crucial for hypersonic
flight. In present work, a new cooling system is proposed and investigated for the protection of
nose cone at hypersonic flight. Computational fluid dynamic is used for the simulation of the lateral
and axial coolant jet released from the spike at high-velocity condition. The primary goal is to find
optimum jet location for efficient cooling of nose and spike assembly. Influence of two coolant

jets (Carbon dioxide and Helium) on the mechanism of cooling system are fully investigated. For
simulation, RANS equations are coupled with species transport equation and SST turbulence model.
Two different jet configurations (axial disk positions) are investigated to obtain efficient condition
for protection of nose cone at hypersonic flight. Our results indicate that the presence of the spike on
the nose cone decreases pressure up to 33% on the main body and the shifts the maximum pressure
to higher angles because of the deflection of the air stream. Maximum pressure drops about 50% by
injection of the coolant disk jet (C2) at angle of 55 deg.

The cooling system for the thermal control of aerodynamic heating is the main issue for the design of forebody of
high-speed vehicles and shuttles. Considerable efforts have been done to find efficient solution for this issue and
some practical and theoretical techniques have been proposed and investigated in this regards". The complex
feature of the hypersonic flow nearby the nose cone is important challenge for the evaluation of the thermal effi-
ciency of these proposed techniques**. Besides, the production of the shock with air dissociation also intensifies
the complexity of the flow physic in the vicinity of the nose cone>.

Since the main concept of the forebody is to reduce drag reduction, a new methodology should consider this
for thermal management of aerodynamic heating. In fact, the reduction of the both heat and drag should be
balanced for the efficient model®’. The mechanical device of spike is the most conventional practical model for
the thermal reduction of the nose cone at hypersonic flow. In this technique, the flow separation occurs in the
tip of spike and high temperature region is produced near the spike®’. Since the spike reduces the drag force and
heating on the nose cone, it is popular and practical in the real applications. The formation of shock and value of
heat transfer is proportional with the shape and length of spike!°. The strength and interaction of the bow shock
produced in front of the spike is important for the thermal load on the main body. Previous works has extensively
investigated various characteristic of mechanical spike to achieve optimum geometry of this technique'''>.

The application of the multi-row disk on the spike also enhances thermal performance of the spike'*!*. In this
method, the recirculation flow is produced in the gaps and this improves the heat transfer in the vicinity of the
spike. Besides, the deflection of the blow shock is managed via size of disk and this could avoid the deflection of
the bow shock on the main body'®".

The injection of the coolant from the nose cone is also known as second technique for the thermal protec-
tion of the forebody of hypersonic vehicles'®!. In this concept, transient jet is released and this push the bow
shock into the upstream. Besides, the low temperature of the coolant reduces the temperature of gas nearby the
cone and consequently, heat transfer into the main body decreases?®*!. Besides, the thermal conductivity (Cp)
of the flow is changes by the injection of secondary gas and this is also effective on protection of the nose cone.
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Although this approach is not practical yet, it offers significant data about the mechanism of heat production
via the aerodynamic heating process?*™.

Recently, the hybrid technique becomes popular for the thermal protection of the nose cone at hypersonic
flow*>?¢. Combination of fluidic (opposing jet) and mechanical (spike) could help aerospace engineer to achieve
higher performance in thermal and drag reduction?-?°. The injection of the coolant jet from nose cone with
multi-row disk is proposed in present work as displayed in Fig. 1. In the suggested technique, the cooling of the
nose is done via injection of coolant from the spike while drag reduction is attended by the spike. This innovative
method tries to apply both advantageous for the reduction of drag and heat on the nose and spike.

In this article, comprehensive three-dimensional studies have been done for the analysis of hybrid fluidic and
mechanical devices for the thermal protection of the main body at hypersonic flight. Effects of the jet location
and coolant types on the thermal load of spiked nose cone with the multi-row disk are fully investigated. CFD
approach is used for the visualization of the compressible flow near the proposed configuration. Flow feature
around the nose and heat flux rate on the main body and spike are investigated.

Governing equations and computational technique

The simulation of the compressible flow around the nose cone is almost done via solving RANS equations
For the simulation of helium and Carbon dioxide injection as secondary species, species transport equation is
also couple as energy equation since latter is essential for the modeling of the shock inside the domain®***. Due
to high velocity of the air flow, the second order upwind scheme is used for the discretization of the convection
terms of governing equation. Flow gas is assumed ideal gas and reactions and dissociations are not considered
in this work®>?. Due to high speed flow situation, SST turbulence model is used for the calculation of viscosity
in our study. For calculation of the heat capacity, the mixing law is applied®” .

In this work, inflow is pressure farfield with M = 5.0, Pinf-2550 and Tinf=221 K. Helium and carbon dioxide
are chosen for as coolant jets with sonic condition at Ts =300 K. Pressure outlet is extrapolated from the results
of inside domain. The spike and main body is assumed wall with constant temperature of 300 K. The length of
spike is equal to diameter of the main body. Two positions on tip of disk and three locations on the stem of spike
are chosen for injection of the coolant jet. The area of these injector is equal to have identical mass flow rate
for comparison of these configurations. To reduce the computational cost, only 45 degree of three full model
is selected as domain for the simulations. Hence, symmetry condition is applied for two sides of domain***!,

The grid production is done with specific considerations nearby the injectors and tip of spike and disk where
main shock interaction and sever heating occur*>*. As displayed in Fig. 2, structured grid is used and this is
mainly because of strong shock interactions and high temperature regions in our domain. Besides, the grid
distribution shock be uniform to avoid error diffusion in our simulations. For grid independency analysis, four
grid resolutions are generated and simulated in the first step. Comparison of the heat load on the main body are
done for produced grids (Table 1) and it is found that fine grid with 1,628,000 cells. 74 h are computational time
and residual for convergence is 10e — 4.

30-32

Results and discussion
The comparison of our computational results with experimental work of Dechaumphai et al.** are presented in
Fig. 3. In this plots, changes of the normalized pressure on the main body of nose cone without spike are done.
Besides, results of numerical study of Zhu et al.* are also presented in this figure. It is observed that the average
deviation of our data with other works is less than 6%. Validation of computational studies have been done in
several previous works*~>°

Figure 4 displays the flow stream and concentration of the coolant gas (He and CO,) for injection system
released from the tip of disk located on the spike. As expected, the formation of the circulations in the cavity is
main flow physic of the proposed configurations. Comparison of these two coolant gases for Cl model indicates
that the helium jet tends to moves with main stream while CO, jets remains in the cavity of domain. In C2 model,
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Figure 1. Selected model with proposed injection system.
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Figure 2. Grid production.

Model Grid number | Average Stanton numb. on blunt cone (=30) | Average Stanton on numb. blunt cone (6 =60)
Coarse grid 680,000 0.00212 0.00618
Normal grid 960,000 0.00245 0.00637
Fine grid 1,320,000 0.00251 0.00651
Very fine grid 1,680,000 0.00253 0.00653

Table 1. Grid details.
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Figure 3. Validations™.

the flow stream and concentrations of the coolant are almost identical since the circulation strength after the
first disk is high enough.

The main feature of the shock interactions of these two models are displayed in Fig. 5. In Cl model, the angle
of comparison shock of CO, jet is higher than that of Helium jet and this shows that the interactions of CO,
jet with main body is high in this configurations. In C, model, helium jet deflects the main stream and limited
interaction between shear layer and main body is noticed. However, the angle of bow shock is less in CO2 jet
and deflection occurs on the shoulder of nose cone.

To notice the interactions and strength of the shock, temperature contours are these two tip injection sys-
tem are displayed in Fig. 6. In the region with high temperature, the shock deflection is observed. Besides, the
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Figure 4. Comparison of the coolant mass fraction and flow stream for the injection system from the tip of
disks.
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Figure 5. Comparison of Mach contour for the injection system from the tip of disks.

production of the high temperature region near the main body indicates the compression shock which increases
the heat transfer into the main body. Helium jets deflect the main supersonic more than CO, jets and this avoid
formation of the high temperature area in the vicinity of the main body.

Three-dimensional flow structure of these two injection system are displayed in Fig. 7. The formation of the
coolant layer represents the mechanism of the gas dispersion in the circulation regions and cooling mechanism
in these configurations. Due to strong barrel shock of CO, jet, the coolant layer has less deflection in cavity.

The Influence of the disk injection (C1) on the thermal distribution on nose cone are plotted in Fig. 8. It is
noticed that the application of the multi-disk substantially decreases the Stanton number on the main body. In
addition, the usage of the disk jet also decreases 37% maximum Stanton number on the main body.

Effects of helium jet locations (disk 1 and 2) on Stanton distribution of the main are displayed in Fig. 9. The
change of the Stanton number indicates that the heat transfer on the main body improves when injection of the
coolant is near the main body as presented in Fig. 9.

Figure 10 illustrates the variation of the pressure coefficient on the main body for nose cone with/without
MRD and disk helium jet. The presence of the spike on the nose cone decreases pressure up to 33% on the main
body and the shifts the maximum pressure to higher angles because of the deflection of the air stream. Maxi-
mum pressure drops about 50% by injection of the coolant disk jet (C,) at angle of 55 deg. Comparison of these
models indicates that the helium jet pressure could significantly influence on the deflection of the main shocks.
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Figure 7. Three-dimensional flow feature with coolant distribution.

The effects of two disk injection configuration on the pressure coefficient distribution on the nose cone are
displayed in Fig. 11. Comparison pressure coefficient indicates that injection near the main body is more efficient
for the reduction of the pressure on the main body. Since injection from disk 2 (C,) is near the main body, it is
more helpful for deflection of the main stream and blockage the incoming air. It is found that the influence of
shear layer deflection is important on the pressure distribution.

Conclusion

In the present work, the injection of lateral and disk injection system on the cooling performance of the nose
cone with spike at hypersonic flow are extensively investigated. The effects of various coolant gases (helium
and carbon dioxide) on the heat load reduction of the main body and spike are fully explained. Computational
technique of CFD is used for the modeling of supersonic air flow around the nose cone with multi-row disked
spike. The cooling mechanism of these injection systems is disclosed in present work. Three-dimensional model
is used for present study to consider real flow physic associated with proposed injection systems. Comparison
of the disk injection shows that the coolant jet effectively decreases the temperature nearby the main body while
the heat transfer on the spike and disk is not changes. The main advantageous of disk injection is less interaction
with main bow shock and high concentration nearby the main body.
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Figure 8. Heat transfer on the main body and disk in different conditions.
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Figure 9. Distribution of Stanton number along main body of the different disk helium injection systems.
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Figure 10. Influence of the different coolant injection systems on Pressure coefficient distribution.
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Figure 11. Influence of the different disk coolant injection systems on Pressure coefficient distribution.

Data availability
All data generated or analysed during this study are included in this published article.

Received: 26 October 2022; Accepted: 13 January 2023
Published online: 16 January 2023

References

1. Liu, L., Mei, Q. & Jia, W. A flexible diesel spray model for advanced injection strategy. Fuel 314, 122784. https://doi.org/10.1016/j.
fuel.2021.122784 (2022).

2. Wang, Y., Zhou, X. & Liu, L. Feasibility study of hydrogen jet flame ignition of ammonia fuel in marine low speed engine. Int. J.
Hydrogen Energy https://doi.org/10.1016/j.ijjhydene.2022.09.198 (2022).

3. Pish, F et al. Computational study of the cavity flow over sharp nose cone in supersonic flow. Int. J. Modern Phys. C 31(06), 2050079
(2020).

4. Zhang, H. et al. Numerical study on welding residual stress distribution of corrugated steel webs. Metals 12(11), 1831. https://doi.
0rg/10.3390/met12111831 (2022).

5. Xie, L. et al. Self-feature-based point cloud registration method with a novel convolutional Siamese point net for optical measure-
ment of blade profile. Mech. Syst. Signal Proc. 178, 109243. https://doi.org/10.1016/j.ymssp.2022.109243 (2022).

6. BarzegarGerdroodbary, M. & Hosseinalipour, S. M. Numerical simulation of hypersonic flow over highly blunted cones with spike.
Acta Astronaut. 67(1-2), 180-193 (2010).

Scientific Reports | (2023) 13:787 | https://doi.org/10.1038/s41598-023-28127-9 nature portfolio


https://doi.org/10.1016/j.fuel.2021.122784
https://doi.org/10.1016/j.fuel.2021.122784
https://doi.org/10.1016/j.ijhydene.2022.09.198
https://doi.org/10.3390/met12111831
https://doi.org/10.3390/met12111831
https://doi.org/10.1016/j.ymssp.2022.109243

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

. Lu, H,, Zhu, Y., Yin, M., Yin, G. & Xie, L. Multimodal fusion convolutional neural network with cross-attention mechanism for

internal defect detection of magnetic tile. IEEE Access 10, 60876-60886. https://doi.org/10.1109/ACCESS.2022.3180725 (2022).

. Isanejad, M. & Fallah, K. Numerical study of droplet breakup in an asymmetric T-junction microchannel with different cross-

section ratios. Int. . Modern Phys. C 33(02), 225002 (2021).

. BarzegarGerdroodbary, M., Moradi, R. & Babazadeh, H. Computational investigation of multi hydrogen jets at inclined supersonic

flow. Int. J. Energy Res. https://doi.org/10.1002/er.5821 (2020).

BarzegarGerdroodbary, M., Bishehsari, S., Hosseinalipour, S. M. & Sedighi, K. Transient analysis of counterflowing jet over highly
blunt cone in hypersonic flow. Acta Astronaut. 73, 38-48 (2012).

Pish, E, Hassanvand, A., BarzegarGerdroodbary, M. & Noori, S. Viscous equilibrium analysis of heat transfer on blunted cone at
hypersonic flow. Case Stud. Therm. Eng. 14, 100464 (2019).

BarzegarGerdroodbary, M. Numerical analysis on cooling performance of counterflowing jet over aerodisked blunt body. Shock
Waves 24(5), 537-543 (2014).

Fan, X. et al. Reversible switching of interlayer exchange coupling through atomically thin VO2 via electronic state modulation.
Matter 2(6), 1582-1593. https://doi.org/10.1016/j.matt.2020.04.001 (2020).

Feszty, D., Badcock, K. J. & Richards, B. E. Driving mechanisms of high-speed unsteady spiked body flows, part 2: Oscillation
mode. AIAA J. 42(1), 107-113 (2004).

Chen, B. et al. DPM-LES investigation on flow field dynamic and acoustic characteristics of a twin-fluid nozzle by multi-field
coupling method. Int. J. Heat Mass Transf. https://doi.org/10.1016/j.ijheatmasstransfer.2022.122927 (2022).

Liu, X. et al. Effect of strut angle on performance of hydrogen multi-jets inside the cavity at combustion chamber. Int. J. Hydrogen
Energy 45(55), 31179-31187 (2020).

BarzegarGerdroodbary, M. Scramjets: Fuel Mixing and Injection Systems 1-220 (Elsevier Ltd., 2020).

Hu, Y. et al. Hovering efficiency optimization of the ducted propeller with weight penalty taken into account. Aerospace Sci. Technol.
https://doi.org/10.1016/j.ast.2021.106937 (2021).

Hassanvand, A., BarzegarGerdroodbary, M. & Abazari, A. M. Injection of hydrogen sonic multi-jet on inclined surface at supersonic
flow. Int. . Modern Phys. C 32(03), 2150043 (2021).

Fallah, K. & Fattahi, E. Splitting of droplet with different sizes inside a symmetric T-junction microchannel using an electric field.
Sci. Rep. 12(1), 1-12 (2022).

Sun, C., BarzegarGerdroodbary, M., Abazari, A. M., Hosseini, S. & Li, Z. Mixing efficiency of hydrogen multijet through backward-
facing steps at supersonic flow. Int. . Hydrogen Energy https://doi.org/10.1016/j.ijjhydene.2021.02.030 (2021).

Xinglong Liu, M. et al. Numerical simulation of the hydrogen mixing in downstream of lobe strut at supersonic flow. Int. J. Hydrogen
Energy https://doi.org/10.1016/j.ijhydene.2020.06.130 (2020).

Hassanvand, A., Saei Moghaddam, M., BarzegarGerdroodbary, M. & Amini, Y. Analytical study of heat and mass transfer in
axisymmetric unsteady flow by ADM. J. Comput. Appl. Res. Mech. Eng. (JCARME) 11(1), 151-163 (2021).

Yu Jiang, M., BarzegarGerdroodbary, M., Sheikholeslami, H. B., Ahmad Shafee, R. & Moradi, Z. L. Effect of free stream angle on
mixing performance of hydrogen multi-jets in supersonic combustion chamber. Int. J. Hydrogen Energy https://doi.org/10.1016/j.
ijhydene.2020.06.055 (2020).

Amini, Y. & Esfahany, M. N. CFD simulation of the structured packings: A review. Sep Sci. Technol 54(15), 2536-2554 (2019).
Li, Z. et al. Computational investigation of multi-cavity fuel injection on hydrogen mixing at supersonic combustion chamber.
Int. J. Hydrogen Energy 45(15), 9077-9087 (2020).

Zhang, Y., BarzegarGerdroodbary, M., Hosseini, S., Abazari, A. M. & Li, Z. Effect of hybrid coaxial air and hydrogen jets on fuel
mixing at supersonic crossflow. Int. . Hydrogen Energy https://doi.org/10.1016/j.ijhydene.2021.02.070 (2021).

Fallah, K., Ghaderi, A., Sedaghatizadeh, N. & Borghei, M. H. Simulation of natural convection heat transfer using nanofluid in a
concentric annulus. Therm. Sci. Int. Sci. J. 21(3), 12751286 (2017).

Yang, P, Teng, H., Jiang, Z. & Ng, H. D. Effects of inflow Mach number on oblique detonation initiation with a two-step induction-
reaction kinetic model. Combust. Flame 193, 246-256. https://doi.org/10.1016/j.combustflame.2018.03.026 (2018).
Gerdroodbary, M., Barzegar, A. M., Goudarzi, M. I., Sedighi, K. & Ganji, D. D. Influence of opposing jet on an aerodisk nose
cone at hypersonic flow. In Engineering Systems Design and Analysis Vol. 45837 VO01T13A007 (American Society of Mechanical
Engineers, 2014).

BarzegarGerdroodbary, M. Aerodynamic Heating in Supersonic and Hypersonic Flows: Advanced Techniques for Drag and Aero-
Heating Reduction (Elsevier, 2022).

Allahyari, S. et al. Investigating the effects of nanoparticles mean diameter on laminar mixed convection of a nanofluid through
an inclined tube with circumferentially nonuniform heat flux. J. Eng. Thermophys. 25(4), 563-575 (2016).

Jiang, Y. et al. Influence of upstream strut on hydrogen fuel distribution inside the supersonic combustion chamber. Int. J. Hydrogen
Energy https://doi.org/10.1016/j.ijhydene.2020.06.026 (2020).

Li, Z. et al. Mixing enhancement of multi hydrogen jets through the cavity flameholder with extended pylon. Acta Astronaut. 175,
300-307 (2020).

Pish, E, Moradi, R., Edalatpour, A. & BarzegarGerdroodbary, M. The effect of coolant injection from the tip of spike on aerody-
namic heating of nose cone at supersonic flow. Acta Astronaut. 154, 52-60 (2019).

Qin, Q. & Jinglei, Xu. Numerical evaluation of aerodome and cooling jet for aeroheating reduction. Aerosp. Sci. Technol. 86, 520-533
(2019).

Moradi, R., Mosavat, M., BarzegarGerdroodbary, M., Abdollahi, A. & Amini, Y. The influence of coolant jet direction on heat
reduction on the nose cone with Aerodome at supersonic flow. Acta Astronaut. 151, 487-493 (2018).

Qin, Q., Xu, J. & Guo, S. Fluid-thermal analysis of aerodynamic heating over spiked blunt body configurations. Acta Astronaut.
132, 230-242 (2017).

Zhu, L. et al. Novel combinational aerodisk and lateral jet concept for drag and heat reduction in hypersonic flows. J. Aerosp. Eng.
32(1), 04018133 (2019).

Hassanvand, A., BarzegarGerdroodbary, M., Fallah, K. & Moradi, R. Effect of dual micro fuel jets on mixing performance of
hydrogen in cavity flameholder at supersonic flow. Int. . Hydrogen Energy 43(20), 9829-9837 (2018).

Li, Z., BarzegarGerdroodbary, M., Moradi, R., Manh, T. D. & Babazadeh, H. Effect of inclined block on fuel mixing of multi
hydrogen jets in scramjet engine. Aerospace Sci. Technol. 105, 106035 (2020).

Menter, . R. Two-equation eddy-viscosity turbulence models for engineering applications. AIAA J. 32(8), 1598-1605 (1994).
Jiang, Y., Hajivand, M., Sadeghi, H., Gerdroodbary, M. B. & Li, Z. Influence of trapezoidal lobe strut on fuel mixing and combus-
tion in supersonic combustion chamber. Aerospace Sci. Technol. 116, 106841 (2021).

Dechaumphai, P., Thornton, E. A. & Weiting, A. R. Flow-thermal structural study of aerodynamically heated leading edges. J.
Spacecraft Rockets 26(4), 201-209. https://doi.org/10.2514/3.26055 (1989).

Yang, M. et al. Predictive model for minimum chip thickness and size effect in single diamond grain grinding of zirconia ceramics
under different lubricating conditions. Ceram. Int. 45(12), 14908-14920. https://doi.org/10.1016/j.ceramint.2019.04.226 (2019).
Zhang, J. et al. Experimental assessment of an environmentally friendly grinding process using nanofluid minimum quantity
lubrication with cryogenic air. J. Clean. Prod. 193, 236-248. https://doi.org/10.1016/j.jclepro.2018.05.009 (2018).

Gao, T. et al. Grindability of carbon fiber reinforced polymer using CNT biological lubricant. Sci. Rep. 11, 22535. https://doi.org/
10.1038/541598-021-02071-y (2021).

Scientific Reports |

(2023) 13:787 |

https://doi.org/10.1038/s41598-023-28127-9 nature portfolio


https://doi.org/10.1109/ACCESS.2022.3180725
https://doi.org/10.1002/er.5821
https://doi.org/10.1016/j.matt.2020.04.001
https://doi.org/10.1016/j.ijheatmasstransfer.2022.122927
https://doi.org/10.1016/j.ast.2021.106937
https://doi.org/10.1016/j.ijhydene.2021.02.030
https://doi.org/10.1016/j.ijhydene.2020.06.130
https://doi.org/10.1016/j.ijhydene.2020.06.055
https://doi.org/10.1016/j.ijhydene.2020.06.055
https://doi.org/10.1016/j.ijhydene.2021.02.070
https://doi.org/10.1016/j.combustflame.2018.03.026
https://doi.org/10.1016/j.ijhydene.2020.06.026
https://doi.org/10.2514/3.26055
https://doi.org/10.1016/j.ceramint.2019.04.226
https://doi.org/10.1016/j.jclepro.2018.05.009
https://doi.org/10.1038/s41598-021-02071-y
https://doi.org/10.1038/s41598-021-02071-y

www.nature.com/scientificreports/

48. Gao, T. et al. Fiber-reinforced composites in milling and grinding: machining bottlenecks and advanced strategies. Front. Mech.
Eng. 17(2), 24. https://doi.org/10.1007/s11465-022-0680-8 (2022).

49. Wang, X. et al. Tribology of enhanced turning using biolubricants: A comparative assessment, tribology. International 174, 107766.
https://doi.org/10.1016/j.triboint.2022.107766 (2022).

50. Xu, W. et al. Electrostatic atomization minimum quantity lubrication machining: from mechanism to application. Int. J. Extrem.
Manuf. 4, 042003 https://doi.org/10.1088/2631-7990/ac9652 (2022).

51. Bakhshaei, K., Hoomaan, M. M., Sadjad, S. D., Abdol, M. K. & Mani, E. Multi-physics simulation of an insect with flapping wings.
Proc. Inst. Mech. Eng. G. 235(10), 1318-1339 (2021).

52. Ghazanfari, V., Imani, M., Shadman, M. M., Zahakifa, F. & Amini, Y. Numerical study on the thermal performance of the shell
and tube heat exchanger using twisted tubes and A1203 nanoparticles. Prog. Nucl. Energy 155, 104526 (2023).

53. Heydari, A., Alborzi, Z. S., Amini, Y. & Hassanvand, A. Configuration optimization of a renewable hybrid system including biogas
generator, photovoltaic panel and Wind turbine: Particle swarm optimization and genetic algorithms. Int. J. Modern Phys. C https://
doi.org/10.1142/50129183123500699 (2022).

54. Sadeghi, A., Amini, Y., Saidi, M. H. & Chakraborty, S. Numerical modeling of surface reaction kinetics in electrokinetically actu-
ated microfluidic devices. Anal. Chim. Acta 838, 64-75 (2014).

55. Ghanbari, M., Maddah, S. & Alinejad, J. Influence of coolant multi-jets on heat reduction of nose cone with blunt spike at hyper-
sonic flow. Sci. Rep. 12, 15615 (2022)

Author contributions
M.FE. wrote the main manuscript text and R.I. and A.A. prepared figures G.C. revised the whole manuscript. All
authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:787 | https://doi.org/10.1038/s41598-023-28127-9 nature portfolio


https://doi.org/10.1007/s11465-022-0680-8
https://doi.org/10.1016/j.triboint.2022.107766
https://doi.org/10.1088/2631-7990/ac9652
https://doi.org/10.1142/S0129183123500699
https://doi.org/10.1142/S0129183123500699
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Numerical investigation of compressible flow around nose cone with Multi-row disk and multi coolant jets
	Governing equations and computational technique
	Results and discussion
	Conclusion
	References


