
第42卷第6期 火箭推进 V01．42．No．6

2016年12月 JOURNAL OF ROCKET PROPULSION Dce．2016

Numerical simulation for flow field inside pintle
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Abstract：In order to investigate the characteristics and roles of flow field inside pintle thruster，a

two—dimensional axisymmetric model is used to carry out unsteady and steady state flow field simula—

tion during the pintle moving process．The flow field structures，aerodynamic force and flow field sen—

sitivity to geometrical parameter of the pintle at different opening are analyzed．The analysis result

shows that the phenomena of complex shockwave and tip separation occur in the flow field structure

because ofthe pintle’S disturbance．the aerodynamic coe伍cient increases with the increase of cone an-

gle section area of pintle tip，but seems to have no obvious relationship with pressure intensity of the

chamber．The results also show that the throttling surface shape can strongly influence the flow pat—

tern such as flow parameter distribution，shockwave strength and location，and aerodynamic force．
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固体姿轨控针栓推力器内流场数值仿真
薛 斌1，程诚2，王一白1，常桁1，刘 宇1

(1．北京航空航天大学宇航学院，北京100191；2．上海空间推进研究所；上海201112)

摘 要：为研究针栓推力器内．流场的特征和规律，采用二维轴对称模型，开展了针栓运

动过程的非稳态及稳态流场仿真，分析了不同开度下的流场结构、针栓所受气动力及流场对

针栓几何参数的敏感性。结果表明：由于针栓的干扰作用，流场结构呈现出复杂激波系、顶

端流动分离等现象；气动力系数与针栓头部锥角大小呈正相关关系，与集气室压强无关；节

流面形状对气流参数分布、激波强度及位置、气动力等表征的流动模态影响很大。
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0 Introduction

Solid rocket motors(SRM)have been widely

used in many platforms including sounding rockets，

tactical missiles and launch vehicle boosters because

of their inherent advantages：simplicity，easy storage，

light weight and low cost．Thrust throttling techno-

logy has been developed to deal with the problem，

giving SRM the ability to adjust thrust‘旧．By adjust-

ing the position of a pintle assigned axially with the

nozzle，throat area is changed and thrust is variablet31．

To make full use of the advantages，thrust throttling

technology is applied in solid divert and attitude con—

trol system(SDACS)by integrating multiple pintle

thrusters with a solid gas generator降51．Different with

the single pintle motor，chamber pressure and vari—

able mass flow rate in SDACS are maintained at a

given constant value through differential co—work

mode of every two thrusters[6]．

To find breakthrough technologies and realize

good performance of SDACS with high chamber

pressure，numerous research on pintle thrusters have

been done during the past years．Integral thruster of

ceramic matrix composite material were designed

and manufactured，and then tested by hover tests and

cold flow experimentst7—91．To establish the characte—

ristics of the propulsive efficiency and the aerody-

namic load on the pintle，Lafond investigated the in—

side flowfield in steady state of divert nozzle numeri-

callyt哆In addition，the control loop and algorithm of

SDACS were studied by Aussignac and Jouner【⋯2]．

Nevertheless，there are few unsteady numerical

research about inside flowfield of pintle thruster，

which are important to a certain degree because the

pintle motion is a dynamic process．In the present

study．inside flowfield in a pintle thruster of SDACS

is studied through CFD method with dynamic mesh．

The pintle motion velocity is given from previous

study．Typical flow pattern of pintle thruster is analy‘

zed，including complex shock waves and subsonic

circumfluence zone at the pintle tip．A dimensionless

coemcient is defined to investigate the law of the

aerodynamic force．Then influences of thruster open—

ing on flowfield and aerodynamic force are analyzed．
What’s more，based on steady state of 1．0 opening，

several cases with variable key parameters are calcu—

lated to study the geometrical sensitivity of inside

flowfield．

1 Numerical modeling

1．1 Computational班d and boundary conditions

The schematic diagram of the SDACS thruster

is presented in Fig．1．The thruster is a kind of on-off

valve with a Needle—shaped pintle concentric with

the throat．That is．the thruster can only be in the

“open’’position or in the“close”position．The pintle

motion is controlled by a solenoid，which receives

the pulse width modulation(PWM)signal to switch

on．off state of the thruster．The averaged thrust pro—

duced by the nozzle is proportional with the duty ra—

tio in working cycles．

1-Valve seat；2-Coil；3-Shell；4-Middle plate；5-Spring

shell；6-Push rod；．7-Pintle；8-Magnetism isolating ring；

9-Nozzle chamber；1 0-Nozzle

Fig。1 Schematic diagram of pintle thruster

The computational model is simplified to

2D—axisymmetric case，for both the pintle and nozzle

are axisymmetric and the effect of asymmetric inlet

on flow pattem can be ignored．The hot gas consists

of reaction products of AP／HTPB／1 0％Al under the

chamber pressure of 8 MPa．which has a total

temperature of 3 200 K．In application of SDACS，

two thrusters work in a difierential working mode to

maintain the chamber pressure[51．so the inlet pressure

can be treated as a constant value．The ambient

pressure is set to be 8 kPa in this paper．A11 meshes
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are structured to ensure good鲥d quality．
1．2 l枷mic mesh method
Fundamental equations based on the Reynolds-

Averaged Navier—Stokes equations are adopted in the

mathematical calculation．In Reynolds averaging，the

solution variables in the instantaneous(exact)

Navier—Stokes equations are decomposed into the

mean(ensemble-averaged or time—averaged)and

fluctuating components．Substituting expressions of

this form for the flow variables into the instantaneous

continuity and momentum equations and taking a

time(or ensemble)average(and dropping the overbar

on the mean velocity， “) yields the

ensemble—averaged momentum equations．They can

be wfitten in Cartesian tensor form as：

塑+堕(pui)=0
Ot Ox：、

‘7

音(飓)+毒(腭吩)一詈+毒(面巧)+

毒¨等+盟Oxi一23 a‰O"，2)]I
Due to possible vortex and flow separation in

such geometry．the realizable k一占turbulence model

is used；the wall function method is adopted in the

near wall region to improve the calculation accuracy．

In this paper，dynamic mesh method is used to

simulate the motion of the pintle tip surface．The

moving velocity is given through the user defined

function(UDF)to control the movement of the grid．

2 Results and discussion

2．1 Typical flow patterns of pinfle thruster

The flow inside thruster presents a complex

pattem due to the disturbance of the pintle．Fig．2(a)

shows the Mach contour and the stream line at 20％

opening．The opening is defined as the ration of

equivalent throat area and geometry throat area of

the thruster．Flowing through the throttle region

between the pintle tip and nozzle converging zone，

the gas becomes supersonic．Its velocity increases

rapidly while pressure and temperature decrease

obviously．As a common phenomenon caused by the

sudden—expansion geometry，a vortex on the tip of

the pintle appears to be tip separation．When the

main flow joins with the vortex，there is a lip shock

wave generated at the pintle tip，and a compression

wave generated on the vogex edge．The two waves

combine to be one stronger shockwave after

gathering．The combined oblique shock hits with

nozzle wall at the expand zone，and is reflected to

the axis downstream．Because of the interaction

between the shock wave and boundary layer of

nozzle wall，the boundary layer becomes thicker at

the hit point．What’s more．a trailing shock wave is

observed near the nozzle axis．Those shock waves

make flow become non-isentropic，not only causing

losses of total pressure and total temperature but also

reducing the nozzle efficiency．Since the opening is

very small，the effective nozzle expansion ratio is

very large，leading to a 7．4 Mach number at the

nozzle outlet．

The hot gas passes through the shock wave so

the vortex is a subsonic circumfluence zone indeed，

in which the Mach number is below 0．2 and the

static pressure and temperature is apparently high．

The high pressure on the pintle tip produces an axial

aerodynamic force on the pintle．The force is an

important influence factor of thruster response speed

and cannot be ignored during pintle design【141．

The aerodynamic force is difficult to be

measured．for the friction force is coupled in the

measured force and hard to separate．As the

simulated results show good agreement with

experiment results，the force can be estimated by

integral of static pressure on the pintle tip surface．A

dimensionless coefficient is defined as the following

to study the rule ofthe aerodynamic force：

r

pds

印2上卜
‘0

f

where Fo=J P o ds=p o·S，P o is the inlet pressure，

and S represents the sectional area of the pintle tip_

2．2 Effects of thruster opening

Fig．2 shows the Mach distribution at different
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thruster opening．With the opening increasing，the hit

point of the combined shock wave moves towards

upstream and its angle becomes bigger．Thus the

reflection wave deflects towards the axis。肋’en the

thruster has a big opening(see Fig．2(b))，the

reflection waves from upper and Iower wall meet at

the axis in expand zone，generating another two

shock waves towards downstream．The vortex is

condensed to have a smaller size with its strength

increasing，while the strength of trailing shock wave

and the compression wave decrease．What’s more，

the Mach number of nozzle exit decreases as the

ef’fective throat area increases

(a)Opening=0．2

Fig．2 Mach number contour at various thruster opening

The static pressure distribution on pintle tip

wall is presented in Fig．3．Pressure of various

openings shows similar trends．Flowing through the

lip shock wave，the pressure has a sudden jump．

With the thruster opening increasing，the wave

strength increases to produce a higher pressure

circumfluence zone．To investigate the effect of inlet

pressure on aerodynamic coefficient，flowfields

under different conditio(pc=2-8 MPa)are simulated．

The aerodynamic coefficient is a function of thruster

opening，but nearly independent of chamber

pressure．That is because the distribution law of

pressure in different cases is nearly the same for the

thruster with fixed surface，which means the ratio of

the static pressure and the total pressure are constant

at the same position even though chamber pressure is

different．

X／mm

Fig．3 Static pressure distribution on pintle tip

wall of different thruster openings

Tab．1 Key parameters of calculated cases

◆一”Fig．4 Schematic diagram of throttling surface

Fig．4 is the schematic diagram of throttling

surface，which is the circular surface formed by AB

rotation around the axis．The throttling surface area
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iS a function of pintle displacement∥51．The value of

key parameters(Tab．1)is selected based on the

principle that the maximum石is kept at a constant

value．

2．3．1 Effect ofpintle tip radius

Since the static pressure has a rapid decrease

when passing through the shock wave，the wave can

be presented by calculating the pressure gradient．

When the pintle tip radius is zero，the pintle has a

cone head indeed．An oblique shock wave is generat—

ed at the slope，but no compression wave is ob。

served．That is because the circumfluence zone is

nonexistent and the vortex strength is weak．With the

radius increasing，the location of the shock wave

generating and the hit point move upstream，and a

subsonic zone appears with its size becoming bigger，

leading to a stronger compression wave．

2．3．2 Effect ofthrottling surface shape

The shape of throttling surface is controlled by

the half cone angle of pintle tip and the throat fillet

radius．Static pressure on pintle tip of different

shapes is shown in Fig．5．To make a visualized

comparison，the axial coordinate is divided by tip

length L to be nondimensionalized．Shape with larger

angle and smaller fillet radius tends to have a general

higher pressure，leading to a higher aerodynamic

coefficient．(see Tab．2)．However，the lip shock

waves of different shapes are generated at a nearly

same re lative position，．and
wave strengthen has no

significant change．

r／L

Fig．5 Presmre distnibution on pinfle rio with various shapes

Tab．2 A豇aiyⅨmdc eoefficiaat ofdifferent throttling

跚血ce shapes(oponin8=1．o)

Case 叫(。) Ff／mm Fp

3 Conclusions

1)A vortex is observed at the pintle tip which is

a subsonic circumfluence zone，leading to high pres—

sure and significant axial force on the pintle．

2、The aerodynamic toe伍cient varies with

thruster opening，but independent ofpressure．

3、Pintle tip radius affects the shock wave pat—

tern，and has a positive correlation with subsonic

zone size．

41 As the pintle cone angle increases，aerody-

namic coefficient increases，while the shock waves

are not influenced apparently．
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磁成形研究所用的材料本构模型。

4结论

通过准静态单向拉伸试验和霍普金森拉杆试

验建立了考虑应变率的QCr0．8铜合金的John—

son—Cook本构模型：
0904 1『 ]

盯2[92+648．4e 』【1+0．07881ne*J

该本构模型可用于发动机具有特殊结构的

QCr0．8铜合金产品及其他行业相同材料产品的电

磁成形工艺研究。
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