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Spike Effects on Drag Reductiorfor Hypersonic
Lifting-body
FanDend, Zihan Jiadand Bingbing Liang
Science and Technology Space Physics Laboratory, China Academy of Launch Vehatdanology,
Beijing, China
Feng Xi€ and Ning Qif
Department of Mechanical Engineering, University of Sheffield, Sheffield, UK
High lift- to-drag ratio is considered crucial for high altitude and long endurance hypersonic

vehicles One of the simplest and most useful methods is to install an aerospike in fitoof the
vehicle’s nose. In this paper, the flight aerodynamic characteristics are investigated by simulating
and comparing the lifting-body with or without the aerospikes at Ma=8 The flow fields around
aerospikes using different spike lengths and hemispherical disk along with the lifting-body are
analysed. The results of aerodynamic characteristics indicate that L/D=2 is the besttio of spike
length to nose diameter. By comparing with the baseline model, maximum drag rection of the
noses part is 49.3% at a=8° using hemispherical disk. In addition, three shapes of aerospike
disks are compaed to search for a best disk for hypersonic drag rediction. The best drag
reduction is found for the double flat faced disk aerospike, which gives a pressure drag reduction
of 60.5% of nose’s part at a=8°. Furthermore, when the flight angle of attack increass the drag
increases significantly. Employing certain installation angle is shown to effectively impve the

drag reduction around the angle of attack and resultsn improving the lift-to-drag ratio. At the
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end, the lift-to-drag ratio of the final optimized design is 9.1% better than that of the baseline

model. The pressure centre is moved forward by 1.6%barely influencing the vertical

static-stability of the vehicle.

Nomenclature
L = aerospike length, mm
I =the length between the second disk and vehicle's nose, mm
D = vehicle nose diameter, mm
Ly = vehicle length, mm
Ly = first cone length, mm
L, = second cone length, mm
D, = first cone base diameter, mm
o, = second cone base diameter, mm
S = span of the triangular wings, mm
X = leading edge swept angle of the wifig,
0 = angle between windward reattachment point and the horizontaPaxis
P = static pressure, Pa
P, = inflow static pressure, Pa
Ma = Mach number
Re = Reynolds number based the vehicle length
o = angle of attack’

o = aerospike installation angle,



Co = drag force coefficient

C. = lift force coefficient
k = lift-to-drag ratio
Xcp = pressure center coefficient

|. Introduction

Reduction of heat load and drag are two important aspects throughodediym process for

hypersonic vehicles. To reduce the heat load, imposing bluntnessnaisthef the hypersonic vehicles

is a common and effective way. However, the forced bluntness dramaiticahpses the wave drag of

the vehicles. On the other hand, some techniques of wave drag redudialevised, including

counter flowing jet [1] energy deposition [2] and aerospikébe former two methods require jet flow

generators or external energy sosgrd8y contrast, the aerospike is the singpland most feasible

structure to reduce the wave drag for hypersonic vehicles andufakesmall space of the vehicles.

By means of transforming the strong bow shock into weakdrconical oblique shock waves, and

creating a separated flow region, the aerospike shields the blunt#oodyhie incoming flow. Thus,

a low pressure and low temperature recirculation region or separatiofe karebcreated near the

stagnation region. The low pressure gives low wave dfaghicles. Drag reduction for a blunt cone

model using the aerospike has been a research topic for half a céuamgrical and experimental

investigations have been carried out for a variety of objectives. Diffé@agths and geometries of

aerospikes, Reynolds number, Mach number and test configuratgasbeen considered as typical

parameters during these studigs4].

Most of the investigations conducted for spiked blunt bodies have concludedhéh use of

aerospikes can drastically reduce the aerodynamic drag at hypersonis, $peedrtain ratios of the



spike length to the diameter of the body. Crawf¢sd conducted an extensive experimental

investigation of drag and aerodynamic heating on hemisphere rig¢ihchodel with pointed spikes of

different L/D ratios at Mach 6.8. Motoyama et f] measured the variation of drag and pitching

moment coefficients with incidence angles (up to 8°) of a spiked hieenespylindrical model at Mach

7. They also experimentally investigated the aerodynamic andrhaafer characteristics of conical,

hemispheric, flat-faced aerospike for L/D=0.5, 1.0. The disk ad®gp/D=1.0 and disk diameter

10mm) showd more effective in drag reduction and less heating. MERtanumericaly studied

hemispheric, flat faced and conical disk spikes for L/D 0.5, 1.5,24=@ft for Mach number 6.

Menezes [8,9] studied hemispheric disk, flat and pointed plain spikessigtthe variation of surface

pressure and heat flux with spike length and the impact of angle ok attathe total drag. And

Kulkarni [10] extended the speed region to Mach 8 on the same model at zero inci@anee.and

Paull[11] researched on a blunt conical shape of spike which had a variable lengtrafie® from 1

to 4) at Mach 5%0. The performance of spikes at an incidence in very low Reynolds arumb

environments was investigated by Sims e{H&1]. The models were equipped with a pointed spike of

variable length (L/D up to 5).

Studies conducted by Kalimuthu et |I3] at Mach 6 showed that the effectiveness of the aerospikes

can be increased further by the use of flat faced or hemispheric fakedisks. Asif14] numerically

studied a standard blunt nose body with pointed aerospikes, and discthvesstospikes reduce the

aerodynamic drag in supersonic flow, also causes an increase inrha farce, but resultingn an

adverse effect on the static stability at the same time. Gerdroodibarynumerically studied

effectiveness of disk/aerospike assemblies as retractable drag- reduction fieviaege-angle blunt

cones flying at various angles of attack at Mach S=l$amanoudy16] designed a reattachment ring



for spiked hemispheric bodies. Numerical results showed the reattachnment and the

spike-disk-spike assembly add up synergistically to achieve a maxidragmreduction of 69.82% in

hypersonic flow. Tahar]iL7] numerically studied flat and hemispheric disk for hemisphwsrity and

showed that the designs produced 60 % reduction in drag.

Disk configurations with two hemispheric caps of various sizes Abeebeen investigated for the

effect on the aerodynamic drag of a hemisphere cylindadav and Guveri18] did a recent

investigation for heat transfer rates and aerodynamic drag of a hendspylinder with double disk

aerospike at Mach 6.2. The peak reattachment pressure on the mais tastliced by 50% of the base

body stagnation pressure and drag reduction is observed 47% foislalberospike Joshi[19]

numerically studied single and double disk aerospikes with differ@ntratios and disk radius. The

results demonstrated double dislerospike with L/D=2.0 produced 74.7% drag reduction, whereas the

single disk produced 70% reduction in drag. Ahmed and [Qih 21] conducted a bi-objective

(aerodynamic drag and heating) design optimization by parameterizinglkbdesmth, the disk shape

and the blunt nose shape. The design of hypersonic spiked blunt badiesptimized using the

multi-objective NSGA-II algorithm coupled with kriging surrogates at Mach 6.

Srulijes [22] studied the flow field around three-dimensional blunt bodies equipithdforward

facing aerospikes for a large range of angles of attack at Maclodtisl the drag on all spiked bodies

increases at higher angles of attat&.solve this problem, Schule[&3,24] introduced the concept of

“pivoting spike” in which the aerospike is maintained aligned with the freestream direction while the

whole body is at different incidences. He experimentally examined thérg\spike in Mach 2, 3, and

5 with up to 30° incidence. The results presented clearly the advantabesatijned aerospikes over

the conventional fixed aerospike



In order to explore the application of aerospike on aircraftsWherter [25] analyzed the

aerodynamic, structural, and mechanical pmfeoncept of a large multi-stage telescoping nose

aerospike installed on F-15B airplande assessd the effect of the aerospike on the stabijlity

controllability, and handling qualities of the airplane up to Mach 1.8. &taJP6] studied a simple

lifting-body configurationdeduced from the 383 fuselagewith different aerospikes at Mach 7 @n

wind tunnel. The experimegitresults showed a large increase in thetdifthrag ratio andca marginal

increase in pitching moment compared to non-aerospike case, indidaginaictical feasibility for

eventual future applications to spacecratft.

This paper presents an investigation on spike drag reduction effects @ubée-done-wing

lifting-body vehicle at hypersonic speed. The influence of differpiikies on the overall performance

of the whole configuration is analyzed along with the effect onptiessure center of lifting-body

vehicle. The study covers the effects of spike length, three differékd dpsigns, and the spike

installation angle at the cruise condition. This is the first time that a pivopilg $as been

investigation on a lift-body-wing configuration at hypersonic spe€ls.research leads to a suitable

aerospike design for the cruise flight angle of attack to achieve thenonaxidrag reduction. The

behavior of the spike at off-design condition is also analyzed for & @rigcidences.

II. Problem Definition and Solution Approach

In this paper, a hypersonic vehicle flyieg a Mach 8 and an altitude of 40 km in a standard

atmosphere is investigate&low over the vehicle with a hemispheric disk aerospike is simulated

numerically at different length to diameter ratios. The hemispheric diskpileroas well as flat

conical disk aerospike are comparatively studied for L/D ratio of 2.0 tterstand the flow field

features and mechanisms of drag reduction. Both double-dislsplede with and without an



installation angle are employed for enhancing the drag reduction a&ffexctderate angles of attack
2.1 Lifting-body geometry and aerospike configurations and flow conditions

The research of this paper is based on a general spiked hypersonic vehibletiva main body and
an aerospike. The part of main body can be divided into a doubleacohéwvo triangular wings as
shown in Fig. 1. The overall length of the double-cone is 3,0Q0Fm@ first cone has a base diameter
of 300mm and length of 700mm, meanwhile, the second cone has a base d@EmE8mm and
length of 2,300mm. The span of the triangular wings is 1,500ntmthe same length as the second
cone and the leading edge swept angle of the wing is.7bl#@ part of aerospike consists of a long
cylindrical spike and a disk, which is shown in FigTa investigate the influence of the spikes lengths
the diameter of spike is fixed to be 0.1D and compared differerthieng spikes, including L/D = 1.0,
1.5, 2.0, 2.5, 3.0. (D is the nose diameter of 100mm.) Téyeeshof disks are hemispherical, single flat
faced and double flat faced. To simplify the names of the shapes cited alngle flat faced disk is
named SFF and double flat faced disk is simplified to BE. Dhe radius of the front disk is fixed to be
0.15D. In additionfor DFF the radius of the second disk is 0.4D and the disk is 4waly from the
vehicle nose.

The incoming flow conditionsf all simulations are static pressure of 287Pa, static temperature of
250K and freestream Mach number of 8. Accordingly, the Reynuluisber isRe=1.897x10°. At this
Reynolds number, the flow can be assurasthminar flow[27, 28] Thus, the simulations are all in

laminar.
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Fig. 1 Lifting-body vehicle with a aerospike.
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Fig. 2 Enlarged views of aerospikes near the nose of the lifting body (Fig.1).

2.2 Computational Grids

To simulate the flow fields, a half body mesh is generated by Gridgeuseall the geometries are
symmetric without a yaw anglén Fig. 3, the generation of mesh has been shown in details. All the
meshes are multi-block-structured mesh and the mesh size varies frean960million. Most of the
nodes are clustering near the nose and the spike to capture the detailsstfuitdures. The height of
first cell from the wall is 0.5x18m to resolve the boundary layer shear near the wall.

There are three kinds of boundary conditions in the simulationsdingladiabatic wall, pressure
farfield and pressure outlethe aerodynamic coefficients are obtained by the reference length of
and reference area of 0.2which are based on the length of main body and the area of the secend

base, respectivelyl he reference point of pressure center is set at the center vertex of the ved@cle no



(a) Topoligy of mesh (b) Outflow-boundary mesh

(c) Symmetry-boundary mesh (d) Symetry-boundary mesh neiée nose

Fig. 3 Introduction of mesh.

2.3 Numerical methods

A finite volume method solver in Ansys, a commercial CFD package, istasgthulate the flow

field, solving compressible N-S equations. In the simulations, a secdaddiscretization is used and

the Roe scheme (an approximate Riemann solver) is also employed in orclctdate the numerical

fluxes for shock capturingill cases are using density-based and steady-time-independent sdttiegs.

time steps are based on Courant-Friedrichs-Lewy number (CFL) andrefadetion factors. The CFL

number is set from 0.01 to 0.3 during the first 500 iterationssakelpt 0.3 to the end of simulations to

ensure the calculation process does not diverge at the initial stepasaaddiatively fast convergence

afterwards. After the residuals of the simulations is reduced byessoadid the total drag is steady, the

simulation is considered to be convergent.

To validate the numerical solver, an experimental case by KalimutfilBRis compared. The

experimental modeldsa blunt body installed with a hemispherical aerospike at the nose. The diameter

of the hemispheric disk was 0.1D, the length of the spile2ia(see model details in rgf3]). In that



case, the incoming flow conditions were freestream Mach number sta§nation pressuref

830000Pa and stagnation temperature of 450K. The reference length wasmhassedliameter of the

nose, as well as, the reference area was based on the base area of buelpldrtie drag coefficients

were obtained at different angles of attack, from8. Fig. 4(a) shows the comparison of drag

coefficients at different angles of attackomparing the simulation outcomes with the experimental

results, the error turns out to be less than 4.2%. In addition, éydgrslient contour of the simulation

is compared with the Schlieren photograph of the experiment in @@).#he foreshock, recirculation

region and shear layer are captured around the model. Based on the prepegu@ssion, the

validation proves that the settings of the simulations are satisfied to gatesthe performance of

aerospikes.

a/(%)

(&) The comparison of drag coefficients (b) The comparison of density gradient contour
between simulations and experiment: (bottom) and the Schlieren photograph of the
experiment (top)

Fig. 4 Simulation validation.

Il . Results and Discussion

3.1 Effects of L/D ratio on drag

By separately integrating the presswfedifferent parts, each parts’ values of pressure drag are

obtained. Meanwhile, the viscous drag is considered as a whole valueebitaussearch focuses on



the reduction of pressure drdgg. 5 shows the percentages of the pressureafragch component of
the vehicle and the total viscous drag. Note that the largest drag cammethé& pressure drag of the
vehicle nose, taking 33% of the total drag (shown in BigThe total drag of the whole vehicle can be

reduced effectively through these’s pressure drag reduction by the aerospike.

<

m pressure drag of vehicle nosepressure drag of first cone

AN

second cone

first cone

vehicle nose i
u pressure drag of second cometotal viscous drag

Fig. 5 Drag distribution map of vehicle components.
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Fig. 6 A typical flow field for lift ing-body.

The investigation of the L/D influence is conducted on a model atemispheric disk aerospike

The spike length varies from 1D to 3D with a step 0.5. A total ofoflats (including the baseline

model) are investi@ed. Meanwhile, Fig. 6 shows a typical flow field of the hypersoniagftiody

without aerospike.
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(c) L/ID =2 (d)L/D=3
Fig. 7 Flow field over spiked lifting-body.

In Fig. 7, it is noted that there are two flow separations which are creatbe bgrospike because

there are two regions of adverse pressure gradient along with theileer@sge separation appears just

behind the disk of aerospike and the other separ#iattached to the nose of the lifting-body. By

means of the latter separation, the bow shock of vehicle nose is altsteshop lowering down the

pressure in front of the nose, causing the reduction of #ssyre drag and the heat load of the nose.

Moreover, on the nose of vehicle, there is a reattachment point which id igpcand downstream

when L/D increases.

In order to explain the drag reduction caused by the aerospikemaétitods are suggested. One



method is explicitly using “effective body” to refer to the shape of the shear layer by Yamauchi et al.

[29], and the other one is using dividing streamline rather than the wholelapeato identify the

effective body by Ahmed and Qii80]. An interesting phenomenon is that all streamlines above the

dividing streamline pass downstream the body shoulder, while atrietgae all streamlines below

the dividing streamline reverse into the recirculation zone. Based on theafiéthkmed and Qin30],

a key fact is lie angle of reattachment point 6 which is measured in the counterclockwise direction

from the center line of the nose to the dividing streamline on the botahofmose. In Fig. 8, it is

interesting to note that when L/D increases=a1°, 6 increases as well, which means the “effective

body” becomes larger when the spike length increases, resulting in reduction of the nose’s pressure.

Moreover, Ahmed and Qin discovered that the shape and size of itteeilegion zone determines the

amount of drag reduction.

Most of the previous effort was directed @&t0°, but at 0=8°, the trend of6 is different, i.e. 0

decreases when L/D increases. Because the flow is not symmetric in y-dir@eticthe separation

region does not always become larger in the windward side when ¢r/€ases. Thus, a more complex

method should be employed to consider the effects on both windwedrigeward sides.
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Fig. 8 Angle of reattachment point vary with L/D ratios.



Comparing the pressure distribution between a=0° and a=8° in the symmetric plane along the wall of

vehicle nose in the windward side, both have the same trend that psesure firstly increases then

decreases, showing in Fig. 9. Howewry=0°, the pressure of the case with aerospike is always lower

than the pressure of the case without aerospikanwhile, at 0=8°, the pressure of the case with

aerospike can be higher than the pressure of the case without aerogmikielefing this difference

discussed above, it proves that the analysis method should be developedidueamplex of flow

field at an angle of attack which is not equal to zero.
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Fig. 9 Pressure distribution in the symmetric plane along the wall of vehicle nose.

In the previous research, the pressure drag coefficients of vehicle nose deeagase when L/D

increases, which means the aerospike should be designed as long as possihieveoa high drag

reduction witho=0°. However, looking at Fig. 10, there is an optimal point when L/DO=wzth 0=8°,

which is an important phenomenon that should be noticed durindesign process of the vehicles.

Because most vehicles fly at an angle of attack which is not zerotivyeare at gliding phase, a best

L/D should be found when the aerospike is applied for the vehicthisicase, L/D=2 is the best pqint

which gives 49.3% and 4.39% drag reductions for the nose part amthtie vehicle, respectively.

Based on the results, the case of /D=2 will be further analyzed by domplae effects of different



aerospike disks to optimize the disk shape in the next subsection.
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Fig. 10 Pressure drag coefficients of vehicle nose varies with L/D ratio of spike.

3.2 Effects of disk shape on drag

In this subsection, the aerospike length is fixed to be 200mm, wehi¢gB=2, according to the result

of Section 3.1. The flat faced disk has a larger structural strength éhaepheric disk because of its

geometric shape at the cruise angle, ensuring its durability under heaw} latats, also reduces

elastic deformation at hypersonic spedd$.showed that the drag of the vehicle nose is remarkably

influenced by the disk shape, afid] suggested that the use of double-disk aerospike can favourably

reduce drag, considering from the aspect, SFF and DFF with approgiskteshape and position,

shown in Fig. 2(b) and (c), are added in the research to compareheitfetmispheric disk in order to

carry out the disk shape selection.

The flow field is investigated in theoseregion with different shapes of aerospike diske=&" in

Fig. 11, showing that the flow separation is quite large behind thepdersdue to the incidence

Additionally, DFF creates the largest separation among the three different aerospikes.
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(a) Hemispheric disk aerospike (IHFaerospike (c) DFF aerospike

Fig. 11 Comparison of Mach number contour with different aerospikes in thenoseregion.

Fig. 12 shows the pressure distribution and extreme streamline on themiidfséody, comparing
DFF and SFF at the same time. The left half is DFF and the right HaFRs From Figl2(a), the
circle of the reattachment line from DFF is larger than the circle of tadrim SFF, which means the
flow separation region of the former is larger than that of the lattefioGdly, the pressure at the nose
with DFF is smaller than that of the nose with SFF in four caseiferent angles of attacl0°~

12°), indicating that DFF is better th&8RFE
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© 2531374349556.167737.9859.1 | 2 24 58 92 126 16 194228262296 1 z

(a) 0=0° (b) 0=4°
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Fig. 12 The pressure distribution and extreme streamline on the nose of lifting-body. Tieft
half is with DFF and the right half is with SFF.

Table 1 shows the drag coefficients of the vehicle nose with diffelgnsdapes and with the same

L/D ratio of 2.0at 0=8°. Compared with SFF, the hemisphere disk has smaller drag on tspiker

itself and bigger drag on the nose, which shows the advantages inaofetotal drag. The best disk

shape is DFF which gives 60.5% drag reduction of the vehicle nose’s part. The results suggest that the

flow separation on the aerospike and recirculation zone formed on the aiogedapends on the disk

shape when they have the same aerospike length.

Table 1 Drag coefficients of the vehicle nose with different diskda=8, a=8°)

Shape Cp_spike  Cp_nose
Baseline model 0.0000 0.0347
Hemisphere disk 0.0032 0.0176
SFF 0.0058 0.0169
DFF 0.0068 0.0137

It can also be observed in Fig. 12 that when the angle of attack increaspsedbure valuef the

high-pressure region increases rapidly on the vehicle Rosdoth DFF and SFF discussed above, the

separation line on the bottom wall of vehisl@ose is clogeto the nose center gradually when the

angle of attack increases, which means the recirculation region in frahe ofehicle nosef the



windward part becomes smaller gradually. According to the expressitimei Subsection 3.1, the

recirculation region is a key fact to judge the trend of drag reductioms, Twhen the recirculation

region becomes smaller due to the increase of incidence, the drégi@atsfclimb up. Comparing at

the same angle of attack, the pressure distribution of using DFF istlwavethat of using SFF so that

DFF is better than SFF to reduce drag.

Based on the preceding expression in Subsection 3.1, it is importamdiolerothe fact that the

angle of attack influences the effects of aerospike. If the installatigle af aerospike can be adapted

to the flight angle in real time, the aerodynamic characteristics of thieleeean be improved better

than that of the case with a constant installation angle of aerospikd.i8 very hard to be practical

due to the thermal protection system dlnel aerospike structural strength in hypersonic. Considering

the simplification and reliability of the drag reduction system,henbiasisf Schulein’s self-aligning

aerospikd31], a double flat faced disk aerospike with an installation angle @MBFA) is employed

to enhance the drag reduction effect in the next subsection.

3.3 Effects of installation angle on drag

As mentioned in the first sectiphlenezeg9] experimentally found that the effect of drag reduction

could be significantly decreased with a non-zero angle of atba@uen worse, the aerospike could be

a device inducing more drag and the heat flux. This problem eaolsed by installing the aerospike

with an installation angle to reduce the angle between aerospike and thenopdlomui

Comparing the flow field between DFF and DFEHAg. 13 shows the streamlines on symmetric

plane and the pressure distribution on the wall. From E{p) and (b),at a=0°, the separation is

symmetric around the vehicle nose with DFF, but with DFFA, the separasomaiter around the top

part of the vehicle nose than that around the bottom part of thelezeMoreover, the pressure



distribution shows that the pressure on the vehicle nose with DFFA isr tilgin that with DFF.
Comparing Figl3(e) and (f), the separation is smaller around the bottom part of theevabse
than that around the top part of the vehicle with DFF. But note that theaBepas almost symmetric
around the vehicle nose with DFFA, which is a good phenomemddRBA, having large separation
area and low pressure distribution on the wall ofends$ o=12°, DFFA is obviously better than DEFF
indicating that the separation of DFFA is larger than that of DFF and the rere$€DFFA on the wall

is lower than that of DFF in Fig. 13(g) and (h).
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Fig. 13 The streamline on symmetric surface and pressure on the wall for different angles of
attack.

With an installation angle of the aerospike, the angle of attack of localaflound vehicle nose is
modified, with changed pressure distribution. Fig. 14 shows that thedidef~coefficient of vehicle
nose increases nearly linearly with the angle of attaukii® DFFA drag coefficients around angle of
attack 4°~10° are near constant and are relatively muckrloampared with DFF drag as the

incidence beyond 4°.
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Fig. 14 Drag coefficients of the nose vary with angle of attack.

The Mach number contour on the symmetry plane is shown in Figat o=8° to compare the

baseline model and DFFA. It shows that the shock shape in theofrtimt nose is changed from a

strong bow shack into a weak oblique shock in the case of DFFA. Taaemsson why using DFFA

can reduce the drag of vehicles which has been discussed in Sub3ektio

0 08 16 24 32 4 48 566472 8 0 08 16 24 32 4 48566472 8

(a) Baseline model (b) Vehicle with aeraspik

Fig. 15 Mach number distribution of the vehicle symmetry plane(Ma=8, a=8°).

To show the advantages of vehicles with an aerospike instal8dthe aerodynamic characteristics

are compared in Fid.6, including the baseline modd&)FF and DFFA. From Fig. 16(a), DFF has the

smallest drag at a=0°, but the drag at a=12° is almost the same as that obtained by the baseline model



Meanwhile, the DFFA aerospike always produces less drag than the daselilel and obtains less
dragthan DFF at 0=8°. It means the DFFA aerospike can produce a relatively steady dradisaduc
and it is better to use DFFA if the vehicle is flying at a non-zero angle of aRagckL6(b) shows that
the aerospikes have little influenoa the lift. Showing in Fig. 16(c), both DFF and DFFA aerospikes
effectively improve the lifto-drag ratio. At the same time, DFFA aerospike can both maintain th
large improvement at high angles of attack and gain a bettér-tifiag ratio than the baseline model
between 2°~12°, having the largest tiitdrag ratio at 0=6°. The influence on pressure center is
considered insignificant and, therefore, there is almostffect on the vertical static-stability of the

vehiclg as shown in Fig. 16(d).
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Fig. 16 Comparison of aerodynamic characters for baseline model, double flat faced aerospike
with and without installation angle at Ma = 8,a = 8°.

The effects of aerospike on vehicle lift-drag characteristics are showabia Z which displays the
total drag reductions due to the aerospikes. The results suggest thasingyDFF and DFFA, the
lift-to-drag ratio is effectively improved around the flight angle of att&kEA can suppress the
increase of drag at high angles of attack and enhance thedifag ratio.At a=8°, DFFA is the best
choice because it prodes8.7% drag reduction and improves the tiftdrag ratio to 3.634 which is

9.1% higher than the baseline model.

Table2 Maximum effects of aerospike on vehicle lifttrag characteristics (Ma=8, a=8°)

Shape a=0° a=8°

Co Effect Co Effect C_. Effect k Effect Xcp Effect
Baseline model 0.1097 0.0% 0.2568 0.0% 0.8549 0.0% 3.329 0.0% 0.6766 0.0%
DFF 0.0870 -20.7% 0.2461 -4.2% 0.8752 2.4% 3.556 6.8% 0.6649 -1.7%
DFFA 0.0942 -14.2% 0.2346 -8.7% 0.8523 -0.3% 3.634 9.1% 0.6656 -1.6%

Comparing with the baseline model, the pressure center of the veliiblen aerospike moves
slightly forwardby 1.6% and with little effect on the static stability. In general, since ttiédance is 8°
in the gliding phase, to obtain the best aerodynamics performands iatittence, the most optimized
aerospike is DFFA which has the drag reductions of 82.8% and ®7#ose and whole vehicle,

respectively.

V. Conclusions
This paper has investigated the performance of disk spikes in the tcohtgspersonic lifting body
aerodynamics at a range of incidenddgpersonic flow over a spiked lifting-body at Mach number 8
with different LD ratios and disk shapes flying angles of attack are numerically simulated. The
major findings are as follows:

(1) The area of low pressure region depends on the aerospijtk temose diameter ratio which is



the main factor for drag reduction. A significant drag reduction withafif@ication of hemispheric

disk aerospike at the nose can be achieyedaerospike with ID = 2 gives best reduction when

comparing with other L/D ratios at=8°, which leads to a maximum drag reduction of 49.3% and 4.39%

for nose and a whole vehicle, respectively.

(2) Comparison of hemisphey single flat faced and double flat faced diskere made. The low

pressure region at nose with double flat faced aerospike is larger #tawith single flat faced

aerospikeat different angles of attack. For the vehicle nose, drag reduction caysknlible flat faced

aerospike is the bestaving 60.5%pressure drag reduction of nose’s part at flightx=8°.

(3) By installing the aerospike with a proper angle, the drag can be edlgateduced at the cruise

angle. When the angle of attack is changed around the cruise angle, the dragsratrthim similar

value. This phenomena means the drag reduction is stable and efiisiegtan aerospike with an

installation angle at the gliding phaséheTdrag reduction of the whole vehicle is 8.7% at 0=8°, using

double flat faced aerospike. The lifi-drag ratio is 3.634, which is 9.1% better than the baseline

model.
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