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Abstract

CFD has been in use for the prediction of rocket motor exhaust nozzles for many years. The problems of nozzle performance, surface heat transfer and chemical reaction are some of the reasons why analysis of this type is required. However, such analysis work has often been carried out with pre-existing designs or maybe with a few iterations of a given design. The pressure ratios used with rocket motors mean that a supersonic flow emanates from the nozzle. The shape of the nozzle is important for two reasons 1/ the exit velocity and pressure combine to provide the thrust and 2/ the shape of the nozzle throat determines the mass flow that the nozzle can pass. By modelling the nozzle flowfield in some detail, including the chemical reactions that might take place, the nozzle performance can be predicted. This work describes an automated technique for progressively modifying a nozzle geometrical parameter and recalculating the performance of the nozzle so that the performance can be optimised. An example is shown of the technique and recommendations are made with regard to future development work in this area. This work was initiated by QinetiQ with funding from UK MoD research package TG06. 

* S & C Thermofluids Limited, The Old Tannery, Kelston, Bath, BA1 9AN, U.K

1 Introduction

Rocket motors are used as the main propulsion system of launch vehicles and missiles. They are used wherever air breathing propulsion systems are not viable. Rocket motors achieve thrust by reaction – i.e. by ejecting a flow of gas at high speed from a nozzle attached to the motor. 

1.1 Nozzle performance 

The performance of a rocket motor is described by the equation 

T  =  mjVj  + (Pe-Pa)Ae …………………………………………..(1)

Where T is the thrust 

mj is the mass flow of the exhaust

Vj is the velocity of the exhaust 

Pe is the static pressure at the nozzle exit 

Pa is the surrounding static pressure

Ae is the area of the nozzle exit plane

For most rocket motor applications, the flow is exhausted from the combustion chamber through a convergent-divergent nozzle. This nozzle accelerates the flow to sonic conditions at the throat and then up to supersonic conditions in the divergent section, maximising the velocity Vj and the momentum of the exhaust flow - mjVj. The exit plane pressure may well not be ambient (Pa) and so there is a residual pressure contribution to the thrust from the nozzle. 

1.2 Factors affecting nozzle performance

Preliminary computations on nozzles assume 1D isentropic flow. As such the geometric minimum area (throat) of the nozzle is assumed to control the mass flow of the system. However, in practice the flow is more 2D through such nozzles with parts close to the centreline reaching sonic conditions after those towards the nozzle wall.  In other words, the flowfield throat is in practice not the same as the geometrical minimum area and is to a certain extent dependent upon the geometry of the nozzle wall immediately around the throat.  

For solid propellant rocket motors, the rate of burning of propellant (the mass flow) is affected by the pressure inside the motor chamber [1]. But if the nozzle shape affects the mass flow which can be passed, then this will influence the pressure. Thus if the nozzle effective throat is too large, the pressure will drop inside the chamber, the propellant will burn more slowly and the system may become unstable.

The shape of the nozzle downstream of the throat affects the final velocity and pressure distribution at the exit plane. From equation (1) it can be seen that this affects the thrust directly. 

In terms of rocket motor performance, it is often impulse rather than thrust that is of concern. This is because, the rocket motor (particularly solid propellant motors) can be thought of as a highly transient system, often lasting only 2-3 seconds. During the firing of a motor, the thrust is usually changing rapidly. The impulse (total impulse) is the integral of thrust over the time of the motor firing duration. The impulse is thus a measure of the total acceleration that will be given to a body which is attached to the motor. The term specific impulse is also important when considering rocket motor performance. This is the amount of impulse from a specific amount of rocket propellant. Generally speaking, the optimum performance of a rocket motor can be achieved by maximising the thrust for the minimum mass flow of propellant – i.e. maximising specific impulse. 

Using a convergent-divergent nozzle which is shaped to bring all of the flow on-axis (a contoured nozzle), as opposed to leaving a radial component, and expanding that flow so that the exit plane static pressure is close to the ambient pressure should result in the maximum thrust. Using a throat section which then matches the required mass flow, for a given chamber pressure will achieve the best specific impulse.

However, there are other design constraints to be considered for the nozzle. The additional length which might be necessary to achieve the best thrust, might be unacceptable both in terms of length of the vehicle and in terms of additional weight. Also producing a nozzle which is contoured is often more expensive than producing one that is conical (fixed divergent section angle).

1.3 Predicting nozzle performance

In the past, 2D analysis was used to optimise the nozzle performance. One example of the type of analysis used involved the method of characteristics [2]. This allowed the 2D nature of the momentum distribution to be considered but did not allow aspects such as viscous effects (mainly the wall boundary layers), heat transfer or chemical reaction to be included. 

In more recent times, CFD has been applied to nozzle flowfield modelling. This has allowed the additional aspects listed above to be modelled in more detail. 

Based on the ability to model the flowfield in CFD and knowing the nozzle design constraints described above, this paper describes work to produce a nozzle performance optimisation capability. 

2 Optimisation technique

The aim of the optimisation system is to modify the geometry of the nozzle in order to improve the performance. In the present form of the system, 3 parameters are considered independently – 

1. Length L (divergent section length) 

2. Theta   (divergent section contact angle)

3. Exit radius Ye 

The user selects which of these parameters is used for optimisation. A prediction of the nozzle flowfield and its performance is made with the initial geometry settings. The software then modifies the geometry slightly and the performance is recalculated. The software then progressively searches for a local minima of the second derivative of the variation of thrust (or specific impulse) with parameter.

3 Nozzle prediction system

The prediction system uses PHOENICS as the core CFD solver. S & C Thermofluids has produced Satellite and Ground coding for PHOENICS to customise it for the prediction of rocket motor flowfields. This is has been described elsewhere - see [3] to [5]. In summary – 

1. satellite coding is provided to read user-orientated inputs and create the solution settings (variables, boundary conditions, under-relaxation) directly.

2. Ground coding is provided to supply source terms for finite rate chemical reactions, temperature derivation based on stagnation enthalpy and variable Cp (based on composition and temperature), density based on variable temperature and composition, output of additional variables and interfaces

This capability is collectively known as the PLUMES code. 

The nozzle optimisation system considers 2D, axisymmetric nozzles only. 

3.1 Nozzle geometry 

Figure 1 shows the topology of the nozzle geometry which the program uses.  

The user enters the parameters via a menu system as shown in Figure 2.

A pre-processing code reads the nozzle geometrical input and produces an archive file for use in the general purpose mesh generator – FEMGEN (Femsys Ltd). The resultant geometry and mesh produced in FEMGEN are shown in Figure 3 and Figure 4 respectively. 

The PHIREFLY software (by Fluxion Ltd) translates this FEMGEN mesh to a PHOENICS BFC grid file. 

The process for determining the geometry from the geometrical inputs is described as follows. 

The throat centreline position is set as the origin. The units are metres. Using the R1 radius value and the angle the position of the blend between the throat radius and the divergent section is determined.  If the radius value is zero  (i.e. a sharp corner), this part of the divergent section is forced to be straight and at the prescribed angle and an arbitrary contact position 0.1 times L is created – this is for mesh quality considerations. 

For conical nozzles, the exit plane position is then set. For contoured nozzles, it is necessary to derive the constants use in the quadratic equation -

Y = AX2 + BX + C.

This is done by using the values of Y at the blend position and the exit, and by knowing DY/DX at  the blend position – i.e. TAN  To set the contoured geometry  up in FEMGEN, 30 equally spaced (in axial distance) positions are calculated according to the above equation and these points are entered as the definition for a spline line in the FEMGEN model. 

If a flat exists, the throat section is extended back by this amount and additional mesh is provided. 

The chamber section consists of a blend radius, R2, and a conical section. This is handled in a very similar way to the divergent section of the nozzle. 

A Y+ layer is provided as a fixed value of 0.1mm. Although this layer might ultimately be adapted according to Y+, it has been found that this value is appropriate for most cases and generally produces Y+ values between 30  and 130 as required.

3.2 Boundary conditions

The user is required to provide inputs for the following quantities.

Chamber pressure  (in Pascal)

Chamber temperature (in  Kelvin)

Chamber species concentrations (in mole fractions)

Exit plane static pressure (in Pascal)  - via the altitude and reference pressure 

Chemical reactions

These are input using the PLUMES standard nozzle input file – NOZ.IN. The chemical species concentrations and the chemical reactions must be chosen from a database of thermochemical and reaction rate constants as with all PLUMES calculations. 

A PHOENICS Q1 file is also used with the system. The user need only set the number of sweeps and the under-relaxation factor.

The PLUMES nozzle satellite program (NOZZSA) reads the NOZ.IN file and provides the following settings. 

1. Solution of  P1, V1,W1, H1 and species concentrations as required. 

2. Turbulence solution is initiated (normally k-). 

3. Fixed pressure inlet (chamber)  and outlet (free stream atmospheric) 

4. Logarithmic wall functions at the nozzle surface for velocity and turbulence.

5. Global source terms for chemical reactions

6. Initial field values

7. Under-relaxation levels

8. Property settings

3.3 Solution of flowfield

The flowfield is solved using the standard PLUMES solver (chemgr).  This is based on the PHOENICS solver with the following additional items via ground coding – 

1. Gas specific heat capacity (Cp) calculated as polynomial function of gas composition and temperature.

2. Gas density calculated using ideal gas equation using mean molecular weight based on local species concentration

3. Source terms for reacting chemical species concentrations based on Arrhenius rate expressions.

4. Static temperature derived using stagnation enthalpy, kinetic energy (U2) and Cp as calculated

5. Elemental mass balance for chemical species.

6. Calculation and output of additional parameters, including Mach number and thrust.

3.4 Optimisation process

The whole process of running the nozzle system is shown in Figure 5. The detail of the system is shown in Figure 6. 

When the NOZGEO file indicates that optimisation of one of the variables is required, the subroutine OPTIMISE is called before the geometry calculations are made. 

OPTIMISE looks for a controlling file - OPTIMISE.ON. If it fails to open this file, then it creates one and also a file called FIRST.ONE, to indicate to the overall process that this is the first pass; it also creates a file called OPTIMISE.CSV (sometimes referred to as OPTIMISE.DAT) and provides header information. It then returns to NOZGEO where the geometry settings take place as described above.

When the process is running, then a check for FIRST.ONE is made. If these files are present, the first NOZGEO.IN and corresponding NOZGEO.FGA files are saved so that they can be used for comparison later on. The FIRST.ONE file is then deleted. 

At the end of the first run, the solver writes out the values of thrust, specific impulse and mass flow into the OPTIMISE.CSV file along with the pass number and the present value of the parameter being used for optimisation.

The nozzle geometry program is then re-run. When NOZGEO calls the OPTIMISE subroutine this time, the OPTIMISE.CSV file is read. From this information it will be clear that only a single run has been carried out. The parameter is therefore incremented positively. The NOZGEO.DAT file is written out again with the new setting. The OPTIMISE routine then returns to NOZGEO and the process continues. 

At the end of the second run, when the OPTIMISE subroutine is called, this checks the gradient of thrust or specific impulse (e.g. dT/dL). If the gradient is negative – ie. the thrust or specific impulse has gone down, the parameter is incremented in the opposite direction. The process then continues.

After the third pass, when the OPTIMISE subroutine is called the rate of change of gradient (second derivative) is checked. If this is negative then it is possible to extrapolate to a local minima for this rate of change (i.e. maximum thrust or specific impulse). The corresponding parameter value is calculated and half the calculated increment is applied. If the second derivative is positive, the parameter is incremented as before. 

After the fourth pass, two checks are made on the status of the optimisation process. One is whether the change in thrust or specific impulse is less than a user-specified tolerance. The other is whether the number of passes has exceeded 100. If either of these states is true then the optimisation process is terminated. This is achieved by deleting the OPTIMISE.ON file from the OPTIMISE subroutine. Otherwise the process continues. 

It is presently not possible to use “restarts” within the nozzle optimisation system. This is because the number of cells used to describe the geometry has been made proportional to the relative sizes of the geometry. Thus, if the geometry is changing significantly during the optimisation process the number of divisions in the model may change making the restart files incompatible. 

3.5 Post processing 

The OPTIMISATION.CSV file is readable by EXCEL. 

The PHOENICS output file is readable by PHOTON to produce vector and contour plots and can be translated by PHIREFLY to produce a number of other formats. 

Presently a set up has been created to specifically produce the following output. 

1. Nozzle surface model in FEMVIEW 

2. Nozzle surface data as comma-separated-variables (csv format).

Both of these contain pressure and static temperature data as calculated for the final optimised case. The FEMVIEW model is assembled to create a 3D representation and visualisation – see Figure 7. An additional variable is also provided in the FEMVIEW model which has a unity value. This is so that the volume of the model can be calculated in FEMVIEW to give a measure of the nozzle mass. The csv files can be read directly into EXCEL so that centreline values to be examined.

3.6 Graphical User Interface (GUI) 

All of the above system can be used in a standalone way using text input files and batch files to call the executables – as shown in Figure 5.

However, a GUI is provided to help guide the user through the system.

This GUI can be used to navigate the pre-existing nozzle system or to select the nozzle optimisation route. 

Each of the NOZGEO.IN, NOZ.IN and Q1 input files are displayed – for example in Figure 2. The process described above is controlled from the GUI. The OPTIMISE.CSV file can be viewed directly, and the post-processing options described above can also be driven directly from the GUI.

4 Example case 

An arbitrary case has been chosen to demonstrate this capability. 

The nozzle shape as read into FEMGEN is shown in Figure 8.  The input file is appended. The boundary conditions for this case are 

Chamber pressure = 100 atmospheres

Chamber temperature = 3000K

Species concentrations …..
N2   79%

O2   20%

CO2 0.03%

H2O 0.97%

CO trace

The nozzle geometry was optimised on exit radius (Ye). The result is shown in Figure 9. It can be seen that the increase in specific impulse for this geometry is just under 1%. 

The change in nozzle geometry is shown in Figure 10. It can be seen that the software has modified nozzle geometry significantly and effectively produced a conical nozzle. During the optimisation of the exit diameter, the nozzle length and the attachment angle are locked. If the nozzle length were varied it is likely that further increases in specific impulse might be achieved but at a cost of weight and length.

This particular case runs at relatively high speed. Each pass of the optimisation run took approximately 20 seconds on a 2GHz P4 machine. Each pass required 1000sweeps for convergence. The optimisation was complete in 5 passes. The grid for this case 12x20. Usually double this grid refinement is required for accurate modelling.

For normal modelling of solid propellant rocket motors, when full chemical reactions are present, tighter under-relaxation is required and as a result a large number of sweeps is needed. When using the optimisation tool in batch mode, it is often necessary to carry out up to 9000 sweeps to guarantee convergence. With higher grid density, chemical reactions and the large number of sweeps, each pass of the optimisation can take approximately 45 minutes on a 2GHZ P4. 

5 Conclusions

Software has been created to allow the design of rocket motor nozzles to be optimised. The software is based on CFD predictions of the nozzle flowfield and uses PHOENICS at its core. The geometry specification is carried out through the FEMGEN pre-processor. The software progressively modifies one of the parameters defining the nozzle geometry. By examining changes in thrust or specific impulse as the parameter is modified, the maximum value of the performance is searched.

Whilst this software has successfully demonstrated how CFD can be used to optimise a design such as that of a rocket motor nozzle, there are a number of aspects that require further work in order to realise the potential of such a capability. These are – 

1. Validation of the software 

2. Coupling of changes in mass flow to changes in chamber pressure as in real solid rocket motors.

3. Increases in speed of the system through, for example, use of restarts, reduction in storage, improvement in convergence recognition.

4. Allowing more geometrical parameters to be varied

5. Allowing combinations of geometrical parameters to be varied.

6. Better searching for the maximum thrust or specific impulse.

With regard to the last of these, the variation of nozzle thrust with certain parameters may be highly non-linear. As such, the optimum performance may lie at value of the parameter which is quite different from the starting value. As such, the software may fail to find the optimum as it stops early at a local value which appears to be the optimum. More work may be needed in order to ensure that the optimum is found. 
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Appendix A

 *****************************************************

 NOZZLE GEOMETRY INPUT FILE

 *****************************************************

 NOZZLE OPTIMISATIO PASS NUMBER            1

 *****************************************************

 ******** CONICAL (C) OR CONTOURED (T) **********

T

 EXIT RADIUS (Ye)  (m)

0.025

 NOZZLE DIVERGENT SECTION LENGTH (L) (m)

0.04

 THROAT RADIUS ATTACHMENT ANGLE (DEGREES)

15

 THROAT TO DIVERGENT RADIUS OF CURVATURE (m)

0.025

 CHAMBER TO THROAT RADIUS OF CURVATURE (m)

0.025

 CHAMBER INLET ANGLE (DEGREES) 

30

 THROAT RADIUS (m)

0.02

 THROAT FLAT LENGTH (m)

0.005

 AXIAL GRID REFINEMENT 

 CHAMBER (DEFAULT RESULTS IN 5 CELLS) 

1

 POWER  (Y/N)

Y

 THROAT (DEFAULT RESULTS IN 10 CELLS) 

1

 DIVERGENT SECTION (DEFAULT RESULTS IN 8 CELLS)

1

 POWER  (Y/N)

N

 RADIAL GRI REFINEMENT (DEFAULT IS 10 CELLS)

1

 POWER (Y/N) YES WILL RESULT IN Y+ BEING APPROXIMATED

Y

 OPTIMISE THRUST BASED ON 1=L, 2=THETA, 3=YE  0=DO NOT OPTIMISE

3

 OPTIMISE ON 1=THRUST 2=SPECIFIC IMPULSE (-VE BATCH) TOLERANCE %

2  0.1
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Figure 1 Nozzle geometry and notation 
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Figure 2 Nozzle geometry access via GUI
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Figure 3 Nozzle geometry constructed inside FEMGEN
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Figure 4 Nozzle mesh produced in FEMGEN
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Figure 5 Nozzle optimisation system
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Figure 6 Detail of optimisation process
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Figure 7 Example of surface temperature distribution

[image: image8.png]



Figure 8 Nozzle geometry at start optimisation 
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Figure 9 Variation of specific impulse with exit radius
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Figure 10 Change in nozzle geometry as a result of optimisation process
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Chart1

		0.025

		0.026

		0.027

		0.027778

		0.028213



SP.IMPULSE

Exit radius (m)

Specific Impulse (s)

214.07

214.99

215.55

215.78

215.84



OPTIMISE_graf

		*********THRUST OPTIMISATION LOG*************

		PASS		YEXIT		THRUST		SP.IMPULSE		MASS FLOW

		1		2.50E-02		2.05E+04		2.14E+02		9.75E+00

		2		2.60E-02		2.06E+04		2.15E+02		9.75E+00

		3		2.70E-02		2.06E+04		2.16E+02		9.76E+00

		4		2.78E-02		2.07E+04		2.16E+02		9.76E+00

		5		2.82E-02		2.07E+04		2.16E+02		9.76E+00
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