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Flow and shock train development in a hypersonic inlet isolator at various wall 
surface temperatures, Tw, and freestream static temperatures, T∞, were studied 
through numerical simulations. A non-dimensional parameter, Tw /T∞, is used to 
characterize flow behaviors in hypersonic isolator. With the increase of Tw /T∞, 
boundary-layer thickness increases and boundary-layer momentum thickness 
decreases at the entrance of isolator. Inside the isolator without the presence of 
backpressure, skin friction decreases with the increase of Tw /T∞. The main cause is 
a lower velocity gradient near the wall at high temperature. A lower skin friction 
on high wall temperature results in a stronger separation with shock impingement. 
Under backpressure conditions, with the increase of Tw /T∞, an upstream movement 
of the starting position of the shock train inside the isolator, an increase in the 
length of the shock train, and an increase in pressure coefficient on the wall surface 
are observed. 
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boundary-layer thickness 

Introduction

During flight, hypersonic aircraft are subjected to high levels of aerodynamic heating 
[1-4]. To ensure the safe and effective functioning of an air-breathing hypersonic aircraft, strict 
and dependable thermal protection and management of the aircraft’s body and the air-flow 
ducts inside the propulsion system are prerequisites. An essential part of the propelling system, 
the hypersonic inlet isolator serves as an aerothermodynamic buffer to guarantee the combustor 
and inlet run continuously and steadily [5]. The isolator is subjected to significant aerodynamic 
heating since it is an internal duct in the propulsion system. The wall surface temperature with-
in the isolator must be kept by the thermal management system within the temperature range 
that its material can tolerate [6]. Waltrup and Billing [7] summarized an empirical equation for 
pressure distribution along the shock train in a circular duct in an early research on the shock 
train phenomenon within internal flow ducts. Furthermore, a great deal of numerical simulation 
and experimental research has shown that the boundary-layer conditions upstream of the shock 
train have a significant role in determining the shape of the shock structure and the distribution 
of pressure downstream of the shock train. Changes in wall surface temperature in the isolator 
zone will impact the formation of the boundary-layer due to heat transfer. The properties of 
the interaction between shock waves and the turbulent boundary-layer will alter with a high 
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temperature gradient [6]. This will ultimately impact the shock train’s flow form and mode of 
operation [7, 8]. Flow behavior of shock and pseudo-shock trains within isolators [9-12], duct 
bending [13], shock oscillations in isolators [14-17] of hypersonic inlets, and the back-pressure 
resistance of isolators [18-20] were all revealed by extensive studies. Furthermore, the impact 
of heat transfer in the isolator zone and wall temperature on shock train flow behavior have 
been studied [21-25]. Additionally investigated is heat transfer for flow in ducts [26-28]. A re-
search team at RWTH Aachen University led by Olivier has thoroughly investigated this factor 
through wall preheating and heating in light of the significance of the impacts of wall surface 
temperature and heat transfer on shock trains [29-32].

Conventional hypersonic wind-tunnel testing necessitate large, expensive test instru-
ments in order to simulate real flight circumstances and generate high temperature, high en-
thalpy incoming freestreams. In wind-tunnel tests, the test-piece material must also be aerody-
namically heated by air for a significant period of time in order for it to reach thermodynamic 
equilibrium. On the other hand, long-term hypersonic high enthalpy wind-tunnel experiments 
are quite expensive. For this reason, simulating high altitude aerothermodynamic flight condi-
tions in wind tunnel experiments is challenging. Analyzing the flow behaviors and heat transfer 
in the isolator of hypersonic inlets depends heavily on the various turbulent flow scales, which 
are challenging to simultaneously calibrate within the hypersonic boundary-layer.

This study examined a typical hypersonic inlet isolator using numerical modelling 
based on the limited test data that Olivier’s research team was able to gather, given the chal-
lenge of accurately reproducing true high altitude aerothermodynamic flight conditions in test-
ing [29]. Using the test data gathered, the validity of numerical simulation was investigated. 
Numerical simulation was also used to further understand the shock train’s flow behavior inside 
the isolator. Theoretical analysis and the numerical simulation results were then used to deter-
mine the physical process underlying how heat transfer and wall surface temperature affect 
shock train flow behavior in isolators. 

Physical model and computational methods

Physical model

Figure 1 shows the geometrical configuration of the 2-D hypersonic inlet model. The 
dimensions of this model are identical with the wind-tunnel test model used by Olivier's re-
search team [29]. The inlet was designed with a shock-on-lip Mach number of 7.7 and a total 
length of 0.5878 m. In addition, the length of the cowl, the distance between the lower wall 
surface at the entrance of the isolator and the cowl, and the width of the wind-tunnel test model 
were 0.2068 m, 0.0155 m, and 0.1 m, respectively. To reduce the side overflow on the compres-
sion ramp, a side plate was installed at each side of the model. A triangular-wedge blocking plug 

Figure 1. Schematic of 2-D hypersonic inlet model, units in [m], [29]
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was placed at the exit of the isolator. Changes in the backpressure in the downstream combustor 
were simulated by moving the blocking plug back and forth. The wall temperature in the inlet 
test model was controllable through the heating devices installed on the compression ramp and 
the cowl. In our study, the central symmetrical plane of the inlet was selected as the 2-D simu-
lation domain. For the convenience of subsequent analysis, the location of red dot at the ramp 
corner is marked as the origin of the co-ordinate system.

Computational methods

The 2-D RANS equations were discretized using a finite volume method. The equa-
tions in integral form can be written as [33]: 

( )inv visd d = 0S
t Ω ∂Ω

∂
Ω + −

∂ ∫ ∫W F F


(1)

where Ω is the control volume, which is bounded by closed surface ds and W, Finv, and Fvis are 
the conservation variable vector, the inviscid flux vector and the viscous flux vector, respec-
tively [33]. Inviscid convective fluxes were discretized using Roe’s flux-difference splitting 
scheme which can be expressed: 
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where FR,inv and FL,inv are computed using the solution vectors WR and WL on the right and left 
sides of the face and δW is the spatial difference WR – WL. Viscous fluxes were discretized 
using a second-order centered difference scheme. A point implicit method was employed to 
advance time. The transition shear stress transport model was selected for turbulence closure. 
In this model, an intermittency variable χ is solved through the transport equation [34]:
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The transition source terms are defined:

( ) 3
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where S is the strain rate magnitude and Flength – the empirical correlation that controls the 
length of the transition region. The destruction source terms are defined:
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where Ω is the vorticity magnitude. The transition onset is controlled:
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where Reθc is the critical Reynolds number where the intermittency first starts to increase in the 
boundary-layer. The model constants:

1 1 2 2 3= 2, = 1, = 0.06, = 50, = 0.5, = 1a e a eC C C C Cχ χσ (13)
The specific heat of air is calculated by polynomial fitting [35]. High temperature air 

dissociation and ionization are not considered in current study. The present analysis does not 
consider the impacts of convective and radiative heat transmission since they are deemed to be 
less significant in the hypersonic forebody region compared to the isolator. In solving the equa-
tions, a in-house developed solver is used to perform numerical simulations.

Figure 2 shows the an example mesh generated for the hypersonic inlet as well as 
the computational domain. The computational domain was completely covered by a structured 
mesh. To accurately capture the flow behavior in the near-wall regions, the thickness y of the 
first mesh layer for the near-wall regions of the compression ramp and the cowl was set to less 
than 1⋅10–5 m. The pressure farfield boundary conditions are applied to specify the freestream 
static temperature, static pressure and Mach number. Pressure Outlet A are specified with static 
temperature and static pressure identical with freestream condition. For non-backpressure situ-
ations, the static pressure for boundary pressure Outlet B is assigned with the freestream static 
pressure. For backpressure situations, the static pressure is larger than the freestream static 
pressure allowing the generation of shock train within the isolator.

Figure 2. Example hypersonic inlet mesh and computational domain

Code validation

Three sets of mesh are generated for grid convergence study. The cell number for coarse, 
medium and dense meshes are 143800, 380000, and 635000, respectively. The maximum y+ value 
of the first layer mesh near-wall for three sets of meshes are 1.5, 0.6, and 0.3, respectively. The 
simulation parameters are given in tab. 1. As shown in fig. 3, the pressure coefficient distributions 
obtained by medium and dense mesh nearly overlap with each and those results fit the experimen-
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tal data [29] much better than those obtained by coarse mesh. To balance simulation accuracy and 
computational cost, medium mesh is selected for subsequent study. It is found that the sudden rise 
location of pressure coefficients on the cowl side is captured by numerical simulations. After the 
expansion waves, the experimental pressure coefficients are slightly higher than the numerical 
values. On the ramp side before the first expansion wave, the experimental pressure coefficients 
are in good agreement with the numerical values. The discrepancy between experimental data and 
numerical simulations on the cowl side might result from the 3-D effects in which side wall-in-
duced compression waves interact with cowl shock waves, whereas side wall-induced compres-
sion waves are not considered in 2-D simulations.

Table 1. Simulation parameters for code validation
Ma∞ T∞ [K] p∞ [Pa] U∞ [ms–1] Re∞,1 [106m–1]
7.7  125  750  1745  4.1

Figure 3. Pressure coefficient Cp [Cp = p/(1/2ρ∞U∞
2] distributions on isolator wall surface;  

(a) cowl side and (b) ramp side; experimental data from [29] 

Results and discussions

Effects of wall temperature without backpressure

To analyze the effects of wall surface temperature flow behavior inside the isolator 
without backpressure, four cases are simulated under the same freestream condition. The spec-
ifications of simulation parameters are given in tab. 2. The parameter:

,stRe = U xρ
µ
∞ ∞

∞
∞

is the Reynolds number based on freestream density, velocity, viscosity and the starting dis-
tance, x. The x is the boundary-layer development distance along inlet compression ramp at the 
entrance of isolator. In our study, x = 0.3986 m. 

Table 2. Simulation parameters for Cases C-1~ C-4
Case number Ma∞ T∞ [K] p∞ [Pa] Tw [K] Tw /T∞ Re∞,st [106m–1]

C-1  7.7  125  750  300  2.4  1.5
C-2 7.7  125  750  600  4.8  1.5
C-3  7.7  125  750  800  6.4  1.5
C-4  7.7  125  750  1000  8.0  1.5
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Figure 4 shows the density gradient

( ) ( )2 2| |= / /x yρ ρ ρ∇ ∂ ∂ + ∂ ∂

contours inside the isolator at various wall surface temperatures, Tw. As shown in the figure, the 
flow field inside the isolator exhibited basically the same structure at various Tw values. The 
cowl-induced incident shock wave and the expansion wave generated at the point of inflec-
tion of the compression ramp intersected at the entrance of the isolator. As Tw increased from  
300-1000 K, there is a slight decrease in the length of the reflected shock wave. As shown at 
the point of intersection (at approximately X = 0.13 m) between the shock and the compression 
ramp as well as the point of intersection (at approximately X = 0.18 m) between the shock and 
the cowl, an increase in Tw led to a slight upstream movement of the point of intersection be-
tween the shock wave and the wall surface. The separation region caused by the event shock 
impinging on the ramp grows in size as wall temperature rises. The reason for this is because 
when wall temperature rises, boundary-layer thickness also rises. This decreases the bound-
ary-layer’s capacity to withstand reverse pressure gradients, enlarging the separation zone. 

Figure 4. Density gradient ( ) ( )2 2| |= / /x yρ ρ ρ∇ ∂ ∂ + ∂ ∂   
contours inside the isolator for Cases C-1, C-2, C-3, and C-4 
without backpressure; the corresponding Tw are  
300 K, 600 K, 800 K, and 1000 K

 Figure 5 shows the kinetic energy ratio ρU2/ρ∞U∞
2 perpendicular to ramp wall 

at various X locations in the isolator for Cases C-1~C-4. Here, Hx represents the isolator 
height at location X. The five profiles from figs. 5(a)-5(e) are extracted at X locations 0.0 m,  
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0.05 m, 0.10 m, 0.15 m and 0.20 m, respectively. It is shown that with the increase of Tw/T∞, the 
kinetic ratio at a given Y location decreases. This observation suggests that the increase of wall 
temperature can decrease the kinetic energy in boundary-layer. 

Figure 5. Kinetic energy ratio ρU2/ρ∞U∞
2 perpendicular to ramp wall at various, X, 

locations in the isolator for cases C-1~C-4; (a) X = 0. 0 m, (b) X = 0.05 m,  
(c) X = 0.10 m, (d) X = 0.15 m, (e) X = 0.20 m  

Figure 6 shows the static pressure coefficient, Cp, distribution along the wall surface 
inside the isolator at various Tw values for cases C-1~C-4 (X = 0 m corresponds to the point of 
inflection of the compression ramp at the entrance of the isolator). The lines show the numerical 
simulation results and the symbols show the experimental data obtained by Olivier's research 
team [29]. As shown in fig. 6, the pressure coefficient on the cowl side wall surface at the start-
ing location of the sudden rise was consistent with the test data. After the expansion waves, the 
measured values of Cp are slightly higher than the simulated values. On the compression ramp 
side wall surface, before the first expansion wave, the measured values of Cp are in good agree-
ment with the simulated data. The starting position of the second shock wave was found to be 
closer to the upstream region in the numerical simulation than in the test. This may be because 
this position is the starting position of multiple compression wave systems in the test, whereas 
it is the starting position of only one shock wave in the numerical simulation [29]. At the same 
location on the X-axis, the measured value of Cp was higher at Tw = 600 K than at Tw = 300 K. 
A similar trend is found in the numerical simulation results. Corresponding to fig. 4, it can be 
seen from fig. 6 that the point of incidence of shock waves on the wall surface on the cowl and 
the compression ramp sides moved upstream as Tw increased. As demonstrated in fig. 6(a), at  

Figure 6. Pressure coefficient, Cp, Cp = p/[1/2ρ∞U∞
2 ], distributions on isolator 

wall surface for cases C-1~C-4; (a) cowl side and (b) ramp side;  
experimental data from [29] 
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Tw = 800 K and 1000 K, due to its exposure to expansion waves first, the pressure coefficient 
on the cowl side wall surface at approximately X = 0.02 m suddenly increased and then de-
creased. At Tw = 300 K and 600 K, the pressure coefficient on the cowl side wall surface at the 
corresponding location first decreased to a small extent and then increased. These fluctuations 
in pressure coefficient demonstrate that the difference in Tw resulted in changes in the flow field 
structure of the cowl induced incident shock waves and the compression ramp induced expan-
sion waves near the intersection region. This was ultimately reflected by changes in the wave 
system incident on the cowl side wall surface. As demonstrated in fig. 6(b), the higher Tw is, the 
higher the pressure coefficient on the compression ramp side wall surface at the same location 
on the X-axis within the range of 0~0.06 m is. The maximum peak pressure on the wall surface 
occurred at X = 0.06 m and Tw =1000 K. 

Figure 7 shows the skin friction coefficient, Cf, distribution along the wall surface in-
side the isolator at various Tw values for cases C-1~C-4. Here Cf = τ/[1/2 ρ∞U∞

2] and τ is the wall 
shear stress. It is shown that for skin friction coefficient on cowl side, the Cf values are greatly 
interfered by shock-boundary-layer interaction at X < 0.1 m. The effects of wall temperature on 
Cf values can be clearly observed at X > 0.1 m. It is found that Cf increases with the decrease of 
Tw/T∞. On ramp side, larger Cf value can be found in most portion of isolator wall surface with 
smaller Tw/T∞ (Case C-1). 

Figure 7. Skin friction coefficient, Cf = τ/[(1/2) ρ∞U∞
2], distributions on isolator wall surface 

for cases C-1~C-4; (a) cowl side and (b) ramp side 

 To further analyze the influence wall surface temperature effects on isolator, we per-
formed simulations with fixed wall surface temperature under different freestream with various 
static temperature. The simulation parameters for Cases C-5~C-8 are given in tab. 3.

Table 3. Simulation parameters for Cases C-5~C-8 
 Case number  Ma∞ T∞ [K] ρ∞ [Pa] Tw [K] Tw/T∞  Re∞,st [106m–1]

C-5  7.4  84  2000  1000  11.9  7.5
C-6  7.4  122  2000  1000  8.2  4.3
C-7  7.4  160  2000  1000  6.3  2.9
C-8  7.4  250  2000  1000  4.0  1.6

Figure 8 shows the kinetic energy ratio ρU2/ρ∞U∞
2 perpendicular to ramp wall at vari-

ous X locations in the isolator for Cases C-5~C-8. The X locations are identical with values in 
fig. 5. It is shown that with the increase of Tw/T∞, the kinetic ratio at a given Y location decreas-
es. This observation is consistent with results found in fig. 5. 
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Figure 8. Kinetic energy ratio ρU2/ρ∞U∞
2 perpendicular to ramp wall at various, X,  

locations in the isolator for Cases C-5~C-8; (a) X = 0.0 m, (b) X = 0.05 m, (c) X = 0.10 m, 
(d) X = 0.15 m, and (e) X = 0.20 m 

 Figure 9 shows the pressure coefficient, Cp, distribution on the wall surface inside the 
isolator without backpressure for Cases C-5~C-8. As shown in fig. 9, at T∞ =250 K (Case C-5), 
the simulated and measured values were in good agreement. The effects of wall surface tem-
perature on the flow behavior of the air-flow inside the isolator at a fixed Tw are similar to those 
of Tw under fixed incoming freestream conditions. Of the four cases differing in T∞, the pressure 
coefficient on the wall surface was higher at T∞ =84 K than at other T∞ values. 

Figure 9. Pressure coefficient, Cp = p/[1/2ρ∞U∞
2 ] distributions on isolator wall surface  

for Cases C-5~C-8 ases; (a) cowl side and (b) ramp side; experimental data from [29] 

 Figure 10 shows the skin friction coefficient, Cf, distribution along the wall surface 
inside the isolator at various Tw values for Cases C-5~C-8. It is observed that for skin friction 
coefficient on cowl side, the Cf values are greatly interfered by shock-boundary-layer inter-
action at X < 0.1 m. The effects of wall temperature on Cf values can be clearly observed at  
X > 0.1 m. It is found that Cf increases with the decrease of Tw/T∞. On ramp side, larger Cf value 
can be found in most portion of isolator wall surface with smaller Tw/T∞. The aforementioned 
observations are consistent with the results found in fig. 7. 

With the previous analysis, we find that heat transfer in boundary-layer greatly in-
fluences flow behavior in hypersonic isolator. Hirschel [36] suggested an empirical relation 
estimate the boundary-layer thickness considering wall and freestream temperature: 
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where st is the boundary-layer development distance. We denote st is the compression surface 
length before the entrance of isolator and thus st = 0.3986 m. The ω = 1 is suggested [36]. For 
compression ramp in current study, it is found that ω = –0.7~–0.6. Figure 11 shows the variation 
of boundary-layer thickness with Tw/T∞ for both numerical simulations of Cases C-1~C-8 and 
the results obtained by eq. (14) (denoted as ANA in legend). It is shown that with the increase 
of Tw/T∞, the boundary-layer thickness increases. The deviation of numerical results and the 
empirical prediction might result from the fact that the empirical relation is developed upon flat 
plate while the boundary-layer development on compression ramp is affected by shock waves. 
The trend of variations between numerical simulation data and the analytical prediction is close. 
The results indicate that for a given freestream condition, the higher wall surface temperature 
leads to an increase of boundary-layer thickness.

Figure 10: Skin friction coefficient (Cf = τ/(1/2) ρ∞U∞
2) distributions on isolator wall surface  

for cases C-5~C-8; (a) cowl side and (b) ramp side

 
Figure 11. Boundary-layer thickness at the isolator entrance, δx,  
with the development distance x = 0.3986 m; (a) Ma∞= 7.7 and (b) Ma∞= 7.4

Effects of wall temperature under backpressure conditions

Shock train formation inside an isolator requires a high downstream backpressure. 
Therefore, it is necessary to examine the effects of wall surface temperature on the air-flow in-
side the isolator under high downstream backpressure conditions. Figure 12 shows the density 
gradient contours in the hypersonic inlet isolator in the presence of an incoming freestream with 
a Ma = 7.7 under a back-pressure 270 times the p∞ of the incoming freestream. As demonstrat-
ed in fig. 12, the shock train inside the isolator was distributed in an asymmetric manner. The 
starting point of the shock train is located at approximately X = 0.08 m. On the compression 
ramp side wall surface, the starting position of the shock train is marked by an oblique shock 
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wave. Shock nodes with alternating shock and expansion waves were located primarily near 
the cowl side wall surface inside the isolator. At Tw = 300 K, shock nodes with alternating shock 
and expansion waves were located in the core flow region inside the isolator. At other Tw values, 
shock nodes were close to the cowl-side wall surface.

Figure 12. Density gradient, 2 2| |= ( / ) ( / )x yρ ρ ρ∇ ∂ ∂ + ∂ ∂  ,  
contours inside the isolator for Cases C-1, C-2, C-3, and C-4  
under backpressure; the corresponding wall surface temperature 
Tw are 300 K, 600 K, 800 K, and 1000 K, respectively

Figure 13 shows the pressure coefficient distribution along the inner wall ramp in-
sides the isolator for cases C-1~C-8. As shown in fig. 13(a), for Ma∞ = 7.7, the backpressure is  
270 times the freestream static pressure. While for Ma∞ = 7.4 as shown in fig. 13(b), the backpres-
sure is 200 times the freestream static pressure. It is observed that in the region upstream of the 
starting position of the shock train, the pressure coefficient distribution on the ramp side wall sur-
face under backpressure conditions is basically consistent with that without backpressure condi-
tions. Within the shock-train region, an increase in Tw/T∞ led to an increase in pressure coefficient 
on the ramp wall surface and an upstream movement of the starting position of the shock train. 

Hirschel [36] suggested an empirical relation estimate the boundary-layer momentum 
thickness considering wall and freestream temperature: 
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Figure 14 shows the variation of boundary-layer momentum thickness with Tw/T∞ 
for both numerical simulations of cases C-1~C-8 and the results obtained by eq. (15) (denoted 
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as ANA in legend). It is shown that with the increase of Tw/T∞, the boundary-layer momentum 
thickness decreases. For a given freestream condition, the higher wall surface temperature leads 
to the decrease of boundary-layer momentum thickness.

Figure 13. Pressure coefficient, Cp = p/[(1/2)ρ∞U∞
2 ], distributions on isolator  

ramp wall surface for cases C-1~C-8; (a) Ma∞ = 7.7 and (b) Ma∞ = 7.4

 
Figure 14. Boundary-layer momentum thickness at the isolator entrance, θx,  
with the development distance x = 0.3986 m; (a) Ma∞ = 7.7 and (b) Ma∞ = 7.4

 Conclusions

The following conclusions are as follows.
 y The flow in a hypersonic inlet isolator at different wall surface temperatures and freestream 

static temperatures can be accurately simulated by the 2-D stable Reynolds-averaging nu-
merical approach that is employed. The test data and the simulated pressure coefficient dis-
tribution were found to be in agreement. This implies the validity of the numerical approach.

 y The purpose of characterizing the flow behaviors in the hypersonic isolator, the non-dimen-
sional parameter Tw/T∞ is crucial. Boundary-layer thickness rises and boundary-layer mo-
mentum thickness falls when Tw/T∞ grows. The skin friction reduces when Tw/T∞ increases. 
The primary reason is a reduced velocity gradient at high temperature close to the wall. With 
shock impingement, a stronger separation is produced by a reduced skin friction on a high 
wall temperature.

 y Under backpressure conditions, with the increase of Tw/T∞, an upstream movement of the 
starting position of the shock train inside the isolator, an increase in the length of the shock 
train, and an increase in pressure coefficient on the wall surface are observed.



Wang, D., et al.: Computational Investigations of the Effects of Wall ... 
THERMAL SCIENCE: Year 2024, Vol. 28, No. 4A, pp. 2791-2804 2803

Acknowledgment

The research is supported by the National Natural Science Foundation of China 
(NSFC, Grant No. 12002144) and the Jiangxi Provincial Natural Science Foundation (Grant  
No. 20212BAB211015).Thanks are given to Dr. Jian Teng from Southern University of Science 
and Technology for valuable discussions on data analysis of the wall temperature effects on 
shock train. 

Nomenclature
Cp – pressure coefficient
Cf – skin friction coefficient
Ma∞ – freestream Mach number
p∞ – freestream static pressure
Reθ – Reynolds number based on boundary-layer 

momentum thickness

Tw  – wall temperature
T∞ – freestream static temperature

Greek symbols

δ – boundary-layer thickness
θ – boundary-layer momentum thickness
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