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Abstract 
 

High speed aerodynamic drag and heating are the two major causes of concern in fly missions of hypersonic vehicles. For 
such flows, installing an aerospike in front of the vehicle's nose has been an effective solution for reducing wave drag and 
thermal loads over the vehicle's body for years. In this study, a novel design of the blunt nose attached with a double-
aerospike for hypersonic vehicles is proposed, which reduces both the drag and the aerodynamic heating. The fluid and 
thermal fields around the double-aerospike at the ratio of spike length (L) to diameter of the blunt body (D) of 2 and various 
angles-of-attack (AOA) are investigated numerically using ANSYS-Fluent at a Mach number of 6. The results show a good 
agreement with the available experimental data of a flat-faced attached single aerospike and that the novel double aerospike 
significantly reduces the drag coefficient by 15.55% and 29.23% at 5° and 8° angles-of-attack, respectively, compared to the 
single spiked configuration. The novel double aerospike reduces the aerodynamic heating for all the studied angles-of-attack 
(α=0°, 5° & 8°). The modified configuration also shows a reduction in the temperature difference between the upper and 
lower frontal areas of the blunt body by 96.25% at 8° AOA compared to the single spike model. 
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1. Introduction 

Over a decade after the retirement of the Concorde supersonic 

aircraft, industrial companies and researchers are not only 

looking to bring back supersonic aircraft but also hoping to 

make hypersonic passenger aircraft a reality.[1] However, in 

hypersonic vehicles, the vehicle nose is subjected to serious 

aerodynamic heating and strong shock wave drag problems, 

which can burn it out and narrow the flight range. The 

deteriorated effect of these two problems resulted from their 

excessive negative contribution to the vehicle drag and 

thermal loads, hence poor aerodynamic performance. 

Therefore, reducing the negative effects of both phenomena is 

the most challenging design requirement for aerospace 

vehicles.  

Although flow separation is an avoidable situation in 

general aerodynamic applications because it causes energy 

loss, it can be desirable under particular conditions, such as a 

blunt body traveling at supersonic or hypersonic speed.[2] 

Although the blunt nose shape was approved to reduce the 

aerodynamic heating, however, it increases the aerodynamic 

drag of the hypersonic vehicle. Hence, several techniques have 

been proposed to reduce the aerodynamic drag of hypersonic 

vehicles, such as energy deposition, aerospike, opposing jet, 

and a combination of aerospike and opposing jet.[3-6] Among 

all these techniques, aerospike showed a remarkable reduction 

in both aerodynamic heating and wave drag.  Attaching an 

aerospike to the nose of a blunt body causes a flow separation, 

which develops into a conical shock wave.[7] The shock wave 

structure from normal to oblique shock wave - which provokes 

the drag reduction considerably.[8,9] This type of separation 

creates a shield for the blunt body from incoming flow, hence 

leading the vehicle to drag and heat reduction and lift 

increase.[10]  
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In 1947, Alexander introduced the positive effect of 

attaching an aerospike to reduce drag on blunt bodies at 

supersonic speeds.[11] A few years later, in 1952, a wind tunnel 

test was carried out by Beastall and Turner to investigate 

different spike combinations, such as using cone-attached 

spikes with semi-angles of 15°, 30° and 40°.[12] The results 

were compared against the results of using a blunt body 

without a cone-attached spike at Mach numbers of 1.5, 1.6 and 

1.8, which showed that the blunt body with a 15∘ semi-angle 

conical nose-attached spike achieved the minimum drag 

coefficients of 0.47, 0.27 and 0.21 at Mach numbers of 1.5, 1.6 

and 1.8, respectively. In the same year, Jonesconducted an 

experimental study to investigate the effect of cone angle and 

spike length on the drag coefficient of high-speed vehicles.[13] 

The results obtained from his study showed that the short-rod 

spike model was causing higher pressure in the separated 

region than on the cone surface, and the blunt body with 20∘ 

semi-angle cone attached spike achieved the minimum drag 

coefficient (𝐶𝐷=0.156) compared to the conventional nose 

(CD=0.550). Furthermore, a dead air region was created near 

the reattachment point by shock waves linked to spike length. 

Another study was conducted by Mair in 1952,[14] which 

showed that if the blunt body has a hemispherical nose shape 

instead of a flat one, the dead air region is perceptibly moved 

away from the blunt body's shoulder. As a result, the 

reattachment shock is carried further away from the shoulder 

of the blunt body, especially when the boundary layer on the 

spike is laminar. Because the researchers at that time were 

keen to understand the behavior of the flow under different 

geometrical nose combinations, they focused only on cone 

windshield-attached spikes, such as Jones’s work.[13]  

In 1960, the hypersonic flow behavior over different types 

of spiked bodies was studied experimentally using the 

hypersonic gun tunnel of Imperial College at Mach number 

6.8.[15] According to Schlieren's photographs taken from those 

experiments, attaching the spike to a blunt body with a flat-

faced nose was insufficient for a steady flow. However, the 

flow was predictable and steady if the nose had a 

hemispherical shape. Alongside the drag coefficient and 

obtaining the flow behavior, heat distribution over a spiked 

blunt body was another issue that needed more investigation. 

Experimental studies have been conducted at Mach numbers 

10 and 15 in a gun tunnel to investigate the total heat 

distribution and reattachment over geometrically similar but 

slightly different spike-attached blunt body configurations.[16] 

The results showed that the 𝐿/𝐷 ratio greater than 3 was the 

optimum configuration for decreasing the total heat transfer. 

Another vital observation was that on the spiked 

hemispherical body, the total heat transfer rates were reduced 

to less than one-fifth with basic coned body geometry with 

attached spike, and there was no issue, such as local heat 

increases in the reattachment region. As much as heat 

distribution in the hypersonic flow field at different regions, 

the pressure distribution is also an important parameter to 

consider. Therefore, experimental studies were performed to 

observe fluctuating pressure over a disk-tipped spike-attached 

blunt body by Guenther and Reding in 1977.[17] According to 

experimental results, the distributions of both overall 

fluctuating and static pressure coefficients were consonant 

well. However, static pressure increased with a Mach number 

of up to 1.2 and decreased to a constant value at a Mach 

number of 2.5 and higher. The last quarter of the 20th century 

conveyed a host of computational innovations, and 

mathematical solutions were integrated into computers. 

Therefore, understanding the flow behavior was one of these 

curiosities that scientists were keen to discover.  

In 1981, Myshenkov numerically studied the flow 

separation over a spiked blunt body in the range of Mach 

numbers from 1.75 to 14.[18] The solution of Navier-Stokes 

equations showed that the pressure on the spike was most 

commonly a constant at the separation region and was equal 

to the pressure in the oncoming flow at a large Reynolds 

number. A few years later, Shoemaker studied missile systems 

with hemispherical nose blunt bodies attached with biconical 

tip spikes for a range of Mach numbers (1.5 to 3) and spike 

lengths (2 to 9 inches).[19] According to computational results, 

an increase in the spike length causes a decrease in the axial 

force coefficient until the length reaches 5 inches, afterward, 

increasing the spike length causes the drag to increase. In 1995, 

another detailed numerical study was coded and performed to 

investigate the hypersonic flow behavior around the spiked 

blunt body with 0° and 10° angles-of-attack.[20] The effects of 

spike’s length, angles-of-attack and Mach number were 

examined. The best result obtained was at 𝐿/𝐷 = 2 , which 

gave a drag coefficient of 𝐶𝐷 = 0.32. In 2002, Mehta studied 

numerically the pressure oscillations over a spiked 

axisymmetric blunt body at Mach number of 6.80 and for 

spike length to hemispherical diameter ratios of 0.5, 1.0 and 

2.0.[21] The maximum pressure distribution of the spiked blunt 

body was found to be at 40°  for all 𝐿/𝐷  ratio variations. 

However, the peak point of pressure on the blunt-body 

decreased with extending the spike length. A few years later, 

Mehta, Kalimuthu and Rathakrishnan carried out an 

experimental study on spiked models with different nose tips, 

range of AOA at 0°, 5° and 8°, Mach number of 6 and 𝐿/𝐷 = 

1.5 and 2.[22] The spike models had different nose geometries, 

such as conical aerospike, hemisphere aerodisk and flat-faced 

aerodisk. According to experimental results, the spike with 

aerodisk with the 𝐿/𝐷  ratio equal to 2 is the most effective 

model from the drag reduction point of view. The researchers 

in the literature review investigated the hypersonic flow and 

the related drag and heat characteristics for spiked bunt bodies 

and the effect of some parameters such as spike length, angle 

of attack and spike nose geometry. Recently, different 

aerospikes combinations for discovering its beneficial 

phenomenon's limitations have been carried out. For example, 

lengthening the aerospike does not cause drag reduction if the 

length exceeds four times the blunt body diameter.[5,23-26] 

Further studies were carried out experimentally and 

numerically to understand the physics of high-speed flows 
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past blunt bodies attached with spikes having different nose 

geometries.[27,28] Because drag and aerodynamic heating are 

significant challenges for hypersonic vehicles such as space 

shuttles, therefore investigating novel solutions to reduce drag 

and heat over a blunt body can be considered more important 

now to have an advantage for further space exploration.  

In the present study, a novel idea of using a double-spike 

design attached to a blunt body is investigated numerically 

using the computational fluid dynamics (CFD) approach in 

ANSYS-Fluent software for hypersonic drag and aerodynamic 

heating reduction. The new configuration is studied at Mach 

number of 6, three angles of attack of 0∘, 5∘ and 8∘, 𝐿/𝐷 ratio 

of 2 and spike nose geometry of flat-faced aerodisk. As this 

novel mechanism has never been conducted before, hence 

analyzing the results will be crucial for future investigations.  

 

2. Numerical approach  

2.1 Flow governing equations  

When the flow over the bunt bodies becomes supersonic or 

hypersonic, a shock wave forms and interacts with the 

boundary layer. The attached spike causes a flow separation in 

front of the blunt body, hence, drag and aerodynamic heating 

are reduced significantly. The generated flow field in such a 

phenomenon is quite complicated and includes different flow 

regions, as seen in Fig. 1. Separation region occurs after the 

flow meets the tip of the aerospike; hence, shock waves are 

generated. Furthermore, the expended flow starts where the 

hypersonic flow meets the aero disc. The flow field around a 

spike attached body at supersonic and hypersonic speeds 

contains different flow types, and different phenomena, which 

need to be studied. Therefore, the ANSYS software package is 

used in the current study with a fully unstructured finite 

volume solver. The suitability of the solver has been 

extensively benchmarked in the past by the authors, see Refs. 

[29-33]. 

The CFD model used is based on solving the system of 

two-dimensional Navier-Stokes equations of steady, viscous 

and turbulent flow over the hemispherical body nose.[34,35] 

Continuity:  
𝜕

𝜕𝑥
(𝜌𝑢) +

𝜕

𝜕𝑦
(𝜌𝑣) = 0                           (1) 

x- Momentum: 
𝜕

𝜕𝑥
(𝜌𝑢2 + 𝑝 − 𝜏𝑥𝑥) +

𝜕

𝜕𝑦
(𝜌𝑢𝑣 − 𝜏𝑦𝑥) = 0  (2) 

y- Momentum: 
𝜕

𝜕𝑥
(𝜌𝑢𝑣 − 𝜏𝑥𝑦) +

𝜕

𝜕𝑦
(𝜌𝑣2 + 𝑝 − 𝜏𝑦𝑦) = 0 (3) 

Energy: 
𝜕

𝜕𝑥
[(𝐸𝑡 + 𝜌)𝑢 + 𝑞𝑥 − 𝑢𝜏𝑥𝑥 − 𝑣𝜏𝑥𝑦] +

𝜕

𝜕𝑦
[(𝐸𝑡 +

𝜌)𝑣 + 𝑞𝑦 − 𝑢𝜏𝑦𝑥 − 𝑣𝜏𝑦𝑦] = 0                                  (4) 

In the simulation, a perfect gas assumption of incoming 

flow is made, viscosity is calculated as 𝜇 = 2.498 × 10−5𝑘𝑔/
𝑚. 𝑠  using Sutherland's law. The calculations have been 

carried out with interpolation for 450∘𝐾 ,[36] as indicated in 

Table 1. The expected heat transfer to the wall, 𝑞̇𝑤 , can be 

determined using Fourier law as 𝑞̇𝑤 = (
𝜕𝑇

𝜕𝑛
)

𝑤
at the wall.   

Table 1: Incoming flow parameters at 450∘𝐾. 

Temperature, 

𝐾 

Density,

𝜌, 𝑘𝑔/𝑚3 

Dynamic viscosity, 

𝜇, 𝑘𝑔/𝑚. 𝑠 

Kinematic viscosity, 

𝑣, 𝑚2/𝑠 
Prandtl Number, 𝑃𝑇 

433.15 0.8148 2.420 × 10−5 2.975 × 10−5 0.7014 

450 0.7811 2.491 × 10−5 3.175 × 10−5 0.7010 

453.15 0.7788 2.504 × 10−5 3.212 × 10−5 0.6992 

 
Fig. 1: Schematic sketch of flow field over spiked blunt body at hypersonic speed.
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2.2 Turbulence model 

The recirculation regions and possible other vortex regions in 

the flow field of the novel double-spike are predicted by 

solving the compressible flow with heat transfer using the 𝑘 −
𝜔 𝑆𝑆𝑇  turbulence model. The equations of the standard 

Wilcox SST two-dimensional equation model for time-

independent flow are outlined below.[37] 
𝜕(𝜌𝑢𝑗𝑘)

𝜕𝑥𝑗
= 𝑃 − 𝛽∗𝜌𝜔𝑘 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘

𝜌𝑘

𝜔
)

𝜕𝑘

𝜕𝑥𝑗
]                     (5) 

𝜕(𝜌𝑢𝑗𝜔)

𝜕𝑥𝑗
=

𝛾𝜔

𝑘
𝑃 − 𝛽𝜌𝜔2 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝜔

𝜌𝑘

𝜔
)

𝜕𝜔

𝜕𝑥𝑗
] +

𝜌𝜎𝑑

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
  

                                                                                              (6)  

where:  

𝑃 = 𝜏𝑖𝑗
𝜕𝑢𝑖

𝜕𝑥𝑗
, 𝜏𝑖𝑗 = 𝜇𝑡 (2𝑆𝑖𝑗 −

2

3

𝜕𝑢𝑘

𝜕𝑥𝑖
𝛿𝑖𝑗) −

2

3
𝜌𝑘𝛿𝑖𝑗 ,  𝑆𝑖𝑗 =

1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑖

𝜕𝑥𝑗
),  𝜇𝑡 =

𝜌𝑘

𝜔̂
                                                       (7) 

The turbulence model is implemented into compressible, 

time-independent Reynolds-averaged navier-stokes (RANS) 

equations, as follows.[38] 
𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗) = 0                                              (8) 

𝜕

𝜕𝑥𝑗
(𝑢𝑗𝜌𝑢𝑖) = −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕𝜎𝑖𝑗

𝜕𝑥𝑗
+

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
      (9) 

𝜕

𝜕𝑥𝑗
(û𝑗𝜌Ĥ) =

𝜕

𝜕𝑥𝑗
(𝜎𝑖𝑗û𝑖 + 𝜎𝑖𝑗û𝑖′′) −

𝜕

𝜕𝑥𝑗
(𝑞𝑗 + 𝑐𝑝𝜌𝑢𝑗

′′𝑇′′ −

û𝑗𝜏𝑖𝑗 +
1

2
𝜌𝑢𝑖

′′𝑢𝑖
′′𝑢𝑗

′′)                                                     (10) 

 

2.3 𝒀+ calculations 

In this study, the turbulent Reynolds number is calculated at 

Mach number of 6 and 𝑇∞ = 450𝐾  as 𝑅𝑒𝑙 = 𝜌𝑈𝐿 𝜇⁄   ≃
5 × 106. A mesh with high quality was created to solve this 

flow field accurately. No-slip boundary conditions were 

applied to the spike attached to the blunt body’s surface. 

Moreover, the flow immediately next to the wall is essentially 

laminar because the effects of turbulence are relatively small. 

This situation is called a viscous sublayer for RANS 

simulations. The normal velocity component 𝑣𝑛 with respect 

to 𝑛  must be zero at the stationary wall. Hence, the normal 

viscous stress, 𝜏𝑛𝑛 , which is equal to zero, and the parallel 

velocity component, 𝑣𝑡, gives the shear stress, 𝜏𝑛𝑡, as shown 

in the equation below.[39] 

𝜏𝑛𝑛 = 2𝜇 (
𝜕𝑣𝑛

𝜕𝑛
)

𝑤𝑎𝑙𝑙
= 0    (11) 

𝜏𝑛𝑡 = 𝜇 (
𝜕𝑣𝑡

𝜕𝑛
)

𝑤𝑎𝑙𝑙
     (12) 

In this study, hypersonic flow is investigated over a spike-

attached blunt body. Thus, the distance of the first cell layer 

from the no-slip wall surface is calculated as extremely thin, 

and the aspect ratio becomes ultimately high. Therefore, the 

generalized scaling law was obtained, and the friction velocity 

equation was developed based on 𝜏𝑤𝑎𝑙𝑙 = |𝜏𝑛𝑡|.[40] 

𝑢𝜏 = √
𝜏𝑤𝑎𝑙𝑙

𝜌
                    (13) 

𝜏𝑤𝑎𝑙𝑙 =
1

2
𝐶𝑓𝜌𝑢∞

2                (14) 

Once wall boundary conditions are implemented in RANS 

Navier-Stokes turbulent flow model, the first cell layer 

distance, △ 𝑦𝑝 is calculated from below equation. 

𝑌+ =
△𝑦𝑝

𝑣
𝑢𝜏    (15) 

The 𝑌+ value should be between 1.0 to 5.0 to have a pure 

viscous sublayer, which is also the wall treatment used in the 

current 𝑘 − 𝜔 𝑆𝑆𝑇 turbulence model simulations. As a further 

matter, 𝐶𝑓 is the skin friction coefficient on a plate and it was 

generalised for 5 × 105 < 𝑅𝑒𝑥 < 107  as 𝐶𝑓 =

0.0592𝑅𝑒𝑥
−1/5

 . Therefore, the first cell layer distance is 

calculated as △ 𝑦𝑝 = 0.00045𝑚𝑚 for 𝑌+ = 0.1.  

 

2.4 Aerodynamic heat and drag calculations 

Aerodynamic heating arises as the main problem during the 

design of hypersonic vehicles due to the high speed. The 

calculation process of aerodynamic heating can be 

accomplished in three stages. The first stage is to solve the 

hypersonic inviscid flow field using modified Newton theory 

to obtain the flow parameters in the region outer the boundary 

layer.[41] Second, solving the viscous boundary layer region to 

obtain the aerodynamic heating coefficient on the body surface 

using reference enthalpy method and Reynolds analogy. 

Finally, solving the Fourier conductive heat transfer equation 

to determine the surface temperature distribution.[42] The flow 

parameters in the area outside the boundary layer are assumed 

to equal to that the free stream conditions ahead the blunt body, 

namely,  

𝑣 = 𝑣∞, 𝑃 = 𝑃∞, 𝑇 = 𝑇∞, 𝑀𝑎 = 𝑀𝑎∞      (16) 

where 𝑣∞ is the inlet flow speed, 𝑃∞ is the inlet flow pressure, 

𝑇∞ is the inlet flow temperature, and 𝑀𝑎∞ is the inlet mach 

number. 

For hypersonic flows (𝑀𝑎∞ > 5), which is the current case, 

a detached shock wave appears ahead of the aerospike which 

can be calculated using the normal shock relationships.[43] 

According to Prandtl- Meyer expansion wave phenomena, the 

leading edge of the expansion fan is continuous with an angle 

of 𝜇1 concerning the upstream flow direction, and with respect 

to the downstream flow direction, wave’s trailing edge makes 

an angle of 𝜇2. The relationship between the angles and the 

Mach number is defined as 𝜇1 = 𝑠𝑖𝑛−1(1 𝑀1⁄ )  and 𝜇2 =
𝑠𝑖𝑛−1(1 𝑀2⁄ ), as shown in Fig. 2. 

 
Fig. 2: Centred prandtl-meyer expansion wave. 
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For the isentropic flow through an expansion wave, 𝑀1 and 

𝑀2 are upstream and downstream Mach numbers, respectively. 

Hence, the Prandtl-Meyer equation depends on 𝑀  and 𝛾  as 

below:  

𝑓1 = √
𝛾+1

𝛾−1
𝑡𝑎𝑛−1√

𝛾−1

𝛾+1
(𝑀2 − 1) − 𝑡𝑎𝑛−1√𝑀2 − 1 (17) 

𝑓2 = 𝑓1 + 𝜃    (18) 

where 𝑓  stands for the Prandtl-Meyer function, and 𝜃  is the 

flow deflection angle. The pressure, temperature and density 

behind the wave can be calculated using isentropic flow 

equations once 𝑀2 is obtained, as follows:  

𝑝2 = 𝑝1 [
1+(

𝛾−1

2
)𝑀1

2

1+(
𝛾−1

2
)𝑀2

2
]

𝛾

(𝛾−1)

   (19) 

𝑇2 = 𝑇1

1+(
𝛾−1

2
)𝑀1

2

1+(
𝛾−1

2
)𝑀2

2
    (20) 

By solving equations from (1) to (4), numerically, the 

aerodynamic heating coefficient and surface temperature 

distribution on the body surface can be obtained.  

When the Mach number of the flow becomes 𝑀𝑎∞ ≫ 1, 

hypersonic speed is experienced, and phenomena such as 

high-temperature flow, thin shock, and entropy layers, and 

severe aerodynamic heating occur. 

The aerodynamic drag on the blunt body is calculated from 

the simulations, using the reference parameters values of 

Mach number, 𝑀 = 6 , inlet flow pressure, 𝑀∞ = 8.3 ×
105𝑝𝑎 , inlet flow temperature, 𝑇∞ = 450 𝐾  and Reynolds 

number of 𝑅𝑒𝐿 = 0.5 × 106 based on spike length, 𝐿 = 6𝑐𝑚, 

at angle of attack of α=0º, 5º and 8º. The other flow parameters, 

such as density, viscosity, and Prandtl number, have been 

calculated at 𝑇∞ = 450 𝐾. During the simulations, axial (A) 

and normal (N) forces are computed and then used to calculate 

the aerodynamic drag force and drag coefficient as follows: 

𝐷 = 𝑁 𝑆𝑖𝑛 α + A cos α    (21)  

𝐶𝐷 =
𝐷

𝑞∞×𝑆
               (22)  

where 𝐷  is the aerodynamic drag force, (𝑁) , 𝐶𝐷  is the 

aerodynamic drag coefficient, 𝑞∞ is the free stream dynamic 

pressure and 𝑞∞ = 0.5𝜌𝑉∞
2 (𝑃𝑎), and 𝑆 is the reference area 

(𝑚2). 

Furthermore, the pressure distributions on the blunt body 

are measured as a function of the free stream dynamic pressure 

as follows, 

𝐶P =
𝑃−𝑃∞

𝑞∞
            (23) 

where 𝑃  is the measured local pressure (𝑃𝑎)  and 𝑃∞  is the 

free stream pressure (𝑃𝑎). 

 

2.5 Validation dataset 

To validate the CFD model used in the current study, the 

experimental data provided by Kalimuthu, R., R. C. Mehta, 

and E. Rathakrishnan is taken as reference results.[22] In the 

experimental study, three different spike tips; conical 

aerospike, hemisphere aerodisk and flat-faced aerodisk with 

𝐿/𝐷 ratios equal to 1.5 and 2.0 were tested at various AOA 

(α = 0∘, 5∘ and 8∘). The blunt body had a hemispherical nose, 

and all experiments were performed at a Mach number of 6. 

Technical details of the model's geometry and testing 

operating conditions are given in another study published by 

the same authors.[10] The experimental results show that the 

combination of flat-faced aerodisk with 𝐿/𝐷 ratio equal to 2.0, 

exhibit the best 𝐶𝐷 results for the studied range of AOA, hence 

it is selected to be used for validation.  

 

2.6 Numerical model setup 

The hypersonic flow field around the spiked blunt body was 

simulated by solving the compressible Navier-Stokes 

equations in ANSYS Fluent Solver using a fully unstructured 

finite volume solver. Roe flux-difference splitting (Roe-FDS) 

Scheme with second-order discretization was used.[ 23 ] This 

scheme is second-order central difference with added matrix 

dissipation term that produces an up-winding pressure and 

flux velocity in supersonic and hypersonic flow, hence, better 

shock capturing compared to the AUSM flux type. Density-

 
Fig. 3: Geometrical details of aerospike flat-face attached blunt body. 
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Fig. 4: Computational domain with structure grid, inflation layers and mesh parameters. 

 

based implicit formulation approach with Courant number of 

0.9 is selected. The physical geometry fused in the numerical 

simulations is created in DesignModeler based on the 

experimental work as shown in Fig. 3. The enclosure is created 

similar to the hypersonic enclosed free jet wind tunnel, as 

shown in Fig. 4. 

The height of the enclosure set to 254 𝑚𝑚 with small with 

very fine structure mesh to ensure the aspect ratio, skewness, 

and orthogonal quality are within the suggested range. The 

skewness value is 0.067  on average, and the orthogonal 

quality is 0.973. Free stream Mach number of 6, temperature 

of 450 𝐾 and inlet pressure far field of 8.3 × 105 𝑃𝑎 are set at 

the inlet boundary conditions. The outlet pressure of 1.0 𝑎𝑡𝑚 

and the temperature of 300 𝐾 are set at the outlet boundary 

conditions. The reference values, such as reference length, 

were based on the length of the blunt body. The reference area 

is used as the wet area of the blunt body. 

 

2.7 Validation of the drag  

Fig. 5 shows a comparison of the drag coefficient results 

between experimental data and CFD simulation results for a 

single aerospike. As can be seen, there is a decent agreement 

between the two results, and the error was calculated as less 

than 7.4%. Furthermore, the comparison of the experimental 

Schlieren pictures and the density contours obtained from 

CFD simulations is shown in Fig. 6. The expected areas, such 

as bow shock wave, recirculation region and shear layer, can 

be clearly seen and identified in the CFD results. The 

recirculation region in the simulation results is slightly bigger 

than its counterpart from the experiments. Moreover, the 

generated bow shock wave is broader compared to 

experimental results. Hereby, the re-attachment shock wave is 

away from the blunt body compared to experimental results. 

Furthermore, the shock-shock interaction occurs on the lower 

frontal area of the blunt body in the experiment at 5° and 8° 

AOA. However, the shock-shock interaction in the simulation 

results is located slightly away from the blunt body, and this 

location is marked as a cross in Fig. 6c for both the

 
Fig. 5: Cd against angles-of-attack (AOA) of CFD single aerospike results compared to experimental data.[22] 
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(a) 𝛼 = 0° 

  
(b) 𝛼 = 5° 

  

(c) 𝛼 = 8° 

 
Fig. 6: Schlieren pictures [22] (left) and CFD density contours (right) for flat-faced aerodisk at L/D=2.0. 

 
Fig. 7: Geometrical details of double-aerospike flat-face attached blunt body. 
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Fig. 8: Cd against AOA of CFD double aerospike results compared to experimental data.[22] 

 

experiments and the simulations. 

Based on the 𝐶𝐷  results and the comparison between 

schlieren pictures from the experiments and density contours 

from CFD simulation for single aerospike, there is clear 

evidence that the numerical methods and algorithms applied 

in the current CFD model are accurate and correctly 

implemented to predict the aerodynamic drag and flowfield 

for supersonic flow and can be used effectively for 

investigating the novel double-aerospike method.  

 

3. Results and discussion 

3.1 Novel double aerodisk model 

In the last two decades, loads of experiments and numerical 

work have been carried out to study the effect of aerospike on 

hypersonic drag reduction. The results concluded that even if 

different tip combinations were used, the aerospike method 

did not meet the expectations of the researchers. Also, when 

researchers applied a lateral jet at the aerospike's tip, the 

results were not as expected.[44,45] Therefore, the current 

research aims to have a better drag coefficient and 

aerodynamic heat reduction results by applying a novel double 

aerospike with a flat-faced tip attaching to the blunt nose of a 

hypersonic vehicle. Since the literature showed that the 

aerospike behaved well at 8°  AOA,[22,46] hence the novel 

double aerospike is attached to the blunt body at ±8.0° 
relative to the blunt body’s centreline, as shown in Fig. 7. The 

geometrical details of aerospike, aerospike’s tip and the blunt 

body are kept the same as what has been used in the validation 

section. Moreover, The flow properties and operating 

conditions of hypersonic are kept the same as stated in the 

experimental work.[22] On the other hand, reference values and 

numerical algorithms are also used as what have been 

implemented in the validation simulation part. The CFD 

simulation results obtained from applying the novel double-

aerospike method are compared against the experimental data. 

3.2 Drag 

Fig. 8 shows the drag coefficient results obtained from CFD 

simulations of the novel double aerospike method at α=0°, 5°, 

and 8°  compared against the experimental data of a single 

aerospike at the same geometrical and operating conditions. 

The results show that although the predicted drag coefficient 

results are increased by 45% at 0°  AOA, it significantly 

reduced by 15.55%  and 29.23%  at 5°  and 8°  AOA, 

respectively. The novel approach of implementing the double 

aerospike at the hemispherical nose of hypersonic vehicles has 

shown promising results at an angle of attack greater than zero. 

 

3.3 Flow field visualisation 

Figs. 9, 10 and 11 show comparison of predicted contours of 

Mach number, pressure and density for hypersonic flow over 

double and single aerospike at L/D=2.0 and different angles of 

attack, respectively. The comparisons show that the flat-faced 

attached single aerospike had better 𝐶𝐷 results at zero angle of 

attack, 𝛼 = 0° . However, the novel double aerospike 

presented promising results and drag reduction performance 

when angle of attack became more than zero (𝛼 = 5° & 8°). It 

can be argued from the results shown in Fig. 8, that the overall 

reduction in drag at higher angles of attacks (𝛼 = 5° & 8°) for 

the double aerospike configuration is much substantial than 

the slightly increased drag at 𝛼 = 0°, hence making the double 

aerospike configuration a more suitable candidate for better 

aerodynamic flight characteristics.[22- 47] 

The results also display the effect of implementing of the 

novel double aerospike in front of the blunt body and how the 

conical shock wave has pushed further away from the blunt 

body as compared to the cases of using single aerospike at the 

same angle of attack. The behaviour of bow shock wave can 

be observed clearly in density contours in Fig. 11. In case of 

using double aerospike (DS) model, the bow shock wave 

widely increased and created a “shield shock wave” at the  

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.0 5.0 8.0

C
d

Angles-of-attack (deg)

Cd aganist AoA of Double Aerospike at  L/D = 2.0

Experiment (Ref. 22)

CFD Double Aerospike

https://www.espublisher.com/


Engineered Science                                                                                                                                                                                Research article        

 

Engineered Science Publisher                                                                                                                                    Eng. Sci., 2025, 33, 1372 | 9  

  
(a) 𝛼 = 0° 

  

(b) 𝛼 = 5° 

  
(c) 𝛼 = 8° 

Fig. 9: Comparison of predicted Mach number contours for flat-faced single and double aerospike at L/D=2.0 and different angle of 

attack. 

 

forefront of the blunt body compared to the single aerospike 

(SS) model. Moreover, the shock-shock interaction point that 

can be unambiguously seen in the SS model has almost 

disappeared in DS model. Consequently, the reattachment 

shock wave continued to move parallel to the “shield-shock 

wave”. Also, the behaviour of “shield shock wave” in the 

upper and lower zones of the DS model is far more 

symmetrical compared to the bow shock wave of the SS model. 

The figures also reveal that the leading shock wave of the DS 

model has a shield effect at all studied AOA (𝛼 = 0°, 5° & 8°). 

The reattachment shock wave is closer to the hemispherical 

body in the lower zone than the upper zone at AOA of 8° . 

However, at AOA of 5°, the behavior of reattachment shock 

wave at the upper and lower zones is closer to symmetrical 

conditions. Lastly, the reattachment shock wave at 0°  AOA 

behaves fully balanced. The behaviour of the leading shock 

wave can be explained from the flowfield behaviour in the 

region between the two arms of double aerospike model, 

where the Mach number is almost zero. This means the flow 

in that region creates vortices and the velocity is almost zero. 

Hence, the double aerospike arms behave like blocks, and 

these blocks generate a broader leading shock wave called a 

“shield shock wave”. For all studied angle of attack, the 

maximum pressure is observed in front of the flat faced tip of 

the SS model, whereas the maximum pressure has occurred 

between the two aerospike arms in DS model. The simulation 

results showed that the maximum pressure of the DS model 

dropped by 44.15%, 33.55% and 43.28%. at 𝛼 = 0°, 5°, 8° , 

respectively. 

The concentration of heat and pressure near the model tip 

in case of using double aerospike could increase the ablation 

of the aerospike and lead to structural failure.[ 4 8 , 4 9 ] Non-

ablative thermal protection system (NaTPS) have been 

proposed in the past by researchers as an effective solution for 

excessive aero heating problem in hypersonic vehicles. These 

systems consist of a combination of a spike-blunt body and  
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(a) 𝛼 = 0°                                                            

  
(b) 𝛼 = 5°                                

  

(c) 𝛼 = 8°                                                   

 
Fig. 10: Comparison of predicted pressure contours for flat-faced single and double aerospike at L/D=2.0 and different angle of 

attack. 

 

lateral jets to develop a new shock-reconstructing system 

ahead of the blunt body. The lateral jets are used for pushing 

the conical shock wave from the hypersonic vehicle 

surfaces.[44,49] 

 

3.4 Thermal field 

Eventually, the heat distribution reduction over the blunt body 

is one of the main targets of the aerospike attaching concept. 

The predicted maximum temperature results over the upper 

and lower frontal areas (FA) of the hemispherical body at 𝛼 =
0°, 5° & 8°  for single aerospike (SS) and novel double 

aerospike (DS) models are outlined in Table 2. As it can be 

seen from the table, the maximum temperature distribution 

over the upper and lower frontal areas (FA) of the 

hemispherical body at 𝛼 = 0° is identical, however it differs at 

𝛼 =  5° & 8° for SS model. The results also show that the use 

of DS model reduces the aerodynamic heating around the 

hemispherical body at all studied angle of attack 𝛼 =
0°, 5° & 8°  and the difference in maximum temperature 

distribution over the upper and lower frontal areas (FA) are 

0.12 𝐾, 47.82 𝐾 & 7.98 𝐾 , respectively. This sensible 

reduction in aerodynamic heating is promising to 

acknowledge the use of the current novel DS model in 

hypersonic vehicles. The significant temperature difference 

between upper and lower frontal areas of blunt body is 

obtained for SS model at 8°  AOA, which was 212.67 𝐾 . 

However, the novel DS model reduced that difference with 

7.98 𝐾  lower than the maximum temperature difference in  
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(a) 𝛼 = 0° 

  

(b) 𝛼 = 5° 

  

(c) 𝛼 = 8° 

 
angle of attack 

Fig. 11: Comparison of predicted density contours for flat-faced single and double aerospike at L/D=2.0 and different. 

Table 2: Maximum temperature over the blunt body models with Single and Double aerospike at various AOA. 

 Single Aerospike (SS) Double Aerospike (DS) 

𝛼 (𝑑𝑒𝑔) Upper Temp (𝐾) Lower Temp (𝐾) △ 𝑇 (𝐾) Upper Temp (𝐾) Lower Temp (𝐾) △ 𝑇 (𝐾) 

0∘ 3716.41 3716.41 0.0 3563.44 3563.56 0.12 

5∘ 3593.25 3600.20 6.95 3565.49 3613.29 47.82 

8∘ 3705.42 3492.75 212.67 3603.14 3595.16 7.98 
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Fig. 12: Comparison of maximum heat over the blunt body with SS and novel DS models attached. 

 

case of the SS model at 8°. That means, the novel DS model 

reduced the temperature difference by 96.25%  at 8° 

compared to the SS model, which is considered as the most 

effective heat reduction result in this study. 

Comparison of the maximum temperature measured over 

the hemispherical body in case of attaching SS model and 

novel DS models is depicted in Fig. 12. The figure shows that 

the use of novel DS model reduced the maximum heat 

generated over the blunt body at 𝛼 = 0° & 8°  with 

4.1% & 2.76% , respectively compared to the use of SS model. 

However, the maximum heat generated over the blunt body 

increased by 13.09 𝐾  with using the novel DS model 

compared to the SS model at 𝛼 = 5° , as shown from the 

predicted temperature contours over the blunt body in Fig. 13. 

 
 

(a) 𝛼 = 0° 

  
(b) 𝛼 = 5° 

  
(c) 𝛼 = 8° 

 
Fig. 13: Predicted temperature contours for flat-face SS and novel DS at L/D=2.0 and different angles of attack. 

3400

3500

3600

3700

3800

3900

0.0 5.0 8.0

T
em

p
er

at
u
re

 (
K

)

Angles-of-attack (deg)

The maximum temp over the hemispherical body  

Max Temperature
(SS)

https://www.espublisher.com/


Engineered Science                                                                                                                                                                                Research article        

 

Engineered Science Publisher                                                                                                                                    Eng. Sci., 2025, 33, 1372 | 13  

4. Conclusion 

The present study numerically looked at the double aerospike 

(DS) on the performance of hypersonic vehicles. There was a 

good agreement between the simulations and the experimental 

data. In light of the novel DS results, the drag coefficient was 

significantly reduced compared to the single aerospike (SS) by 

15.55%  and 29.23%  at 5°  and 8°  AOA, respectively. 

Moreover, the maximum aerodynamic heat generated was also 

reduced compared to the SS model by 4.1% and 2.76% at 0° 

and 8° AOA, respectively. It was observed that with the use of 

the DS model, the heat distributed over the blunt body's upper 

and lower frontal areas was more symmetrical than the case of 

using the SS model. This symmetrical behavior of the heat 

distribution caused a sensible reduction in the temperature 

difference (△ 𝑇 ) and gave more predictable results for the 

thermal distribution. This promising behavior of the DS model 

in terms of drag and heat reduction can be attributed to the 

increase in the width of the bow shock wave which created a 

“shield shock wave” at the forefront of the blunt body; this 

shield acts as a barrier protecting the hemispherical body. 

Consequently, the study of the double spike attached model is 

considered a novel, promising concept to carry on further 

investigations using both experiments and computational 

analysis. 
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Nomenclature 

𝐶𝐷 drag coefficient 

𝐶𝑃 pressure coefficient 

𝐷 diameter of the blunt body [m] 

d aerodisk diameter, m 

𝐸𝑡 total energy per unit volume [J/m3] 

𝐾 temperature degree [Kelvin] 

k thermal conductivity of the material [W/m.K] 

𝐿 length of the spike [m] 

𝐿 𝐷⁄  spike length-to-diameter of blunt body  

𝑀 Mach number 

𝑃 pressure [Pa] 

𝑃𝑇 Prandtl Number 

𝑞 local heat flux [W.m2] 

𝑞 dynamic pressure [Pa] 

𝑅𝑒𝐿 Reynolds number based on spike length 

S surface area [m2] 

T Temperature [K] 

𝑢  velocity components along the x-axis [m/s] 

𝑉 flow velocity [m/sec] 

𝑣  velocity components along the y-axis [m/s] 

Latin symbols 
𝜃 angle measured from the centreline [deg] 

𝛼 angle of attack [deg] 

𝜇 flow dynamic viscosity [Pa.s] 

𝜌 flow density [kg/ m3] 

𝑣 flow kinematic viscosity [m2/s] 

𝛾 ratio of specific heats, (𝛾 = 𝐶𝑝/𝐶𝑣) 

𝜏 wall shear stress [N/m2] 

𝜎 normal stress [N/m2] 

𝛤|𝐴̂| Roe- averaged values 

Subscripts 

𝑓 friction 

∞ freestream conditions 

𝑤 wall 

𝑥 x-axis in Cartesian coordinate system 

𝑥𝑥 normal stress in x-direction on a surface with 

normal is in the x-direction 

𝑦𝑦 normal stress in y-direction on a surface with 

normal is in the y-direction 

𝑥𝑦 shear stress in y-direction on a surface with 

normal is in the x-direction 

𝑦𝑥 shear stress in x-direction on a surface with 

normal is in the y-direction 

𝑦 y-axis in Cartesian coordinate system 

𝑡 total, turbulent 
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