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Introduction

F LOW unsteadinessis a major factor in turbineperformanceand
durability. This is especially true if the turbine is a high-work

design, compact, transonic, supersonic, counter rotating, or uses a
dense drive gas. The vast majority of modern rocket turbine designs
fall into these categories. For example, the Space Transportation
System main engine fuel turbine, a high-work, transonic design,
was found to have an unsteady interrow shock that reduced ef� -
ciency by 2 points and increased dynamic loading by 24% (Ref. 1).
The revolutionary reusable technology turbopump (RRTT), which
uses full-� ow oxygen for its drive gas, was found to shed vortices
with such energy as to raise serious blade durability concerns.2 In
both cases, the sources of the problems were uncovered(before tur-
bopump testing) with the application of validated, unsteady com-
putational � uid dynamics (CFD) to the designs. In the case of the
RRTT and the alternate turbopump development turbines, the un-
steady CFD codes have been used not just to identify problems, but
to guide designs that mitigate problems due to unsteadiness.

As requirementsfor smaller and lighter weight components push
turbines to more compact, closely coupled designs, � ow unsteadi-
ness increases. Current designs such as the Fastrac and future de-
signs like the reusable launch vehicle fuel turbine add the complexi-
ties of supersonic� ow regimes.The ability to predictaccurately this
� ow unsteadinessin a timelymanner is crucialto producinga design
that meets program objectives. In this study, three different meth-
ods of applying unsteady three-dimensional Navier–Stokes analy-
ses to the Fastrac nozzle/supersonic turbine geometry have been
studied.

Governing Equations and Modeling Approximations
The governing equations considered are the time-dependent,

three-dimensional Reynolds-averaged Navier–Stokes equations.
The numerical algorithm used in the three-dimensional computa-
tional procedure consists of a time-marching, implicit, � nite dif-
ference scheme. The procedure is third-order spatially accurate
and second-order temporally accurate. The inviscid � uxes are dis-
cretized according to the scheme developed by Roe.3 The vis-
cous � uxes are calculated using standard central differences. An
approximate-factorization technique is used to compute the time
rate changes in the primary variables. In addition, Newton subiter-
ations are used at each global time step to increase stability and to
reduce linearization errors. For all cases investigated, two Newton
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subiterations were performed at each time step. Further details on
the numerical procedure can be found in Refs. 4 and 5.

Three different modeling approximationshave been studied:
1) In the turbinealone (TA) technique,the average� ow quantities

upstream of the turbine are obtained from a simulationof the nozzle
in isolation. The endwalls at the turbine inlet are adjusted to pro-
vide the proper amount of mass � ow. This is currently the standard
technique for predicting the � ow in nozzle/turbine geometries.

2) In the uncoupled simulation (UN) technique, the average � ow
quantities at the exit of the nozzle, including the solid portions of
the nozzle ring, are modeled as part of inlet boundary conditions.
As with the TA technique, the nozzle simulation is performed in-
dependently of the turbine simulation. The advantage of the UN
technique is that the � ow stagnation regions associated with the
nozzle ring/turbine junctures are modeled.

3) In the coupled simulation (CO) technique, the nozzle and tur-
bine� ow� eldsaresolvedsimultaneously,with theappropriatetrans-
fer of � ow variable information.

Geometry and Grid
The actual supersonic turbine con� guration consists of 24 noz-

zles, 147 rotor airfoils, and 67 exit guide vane (EGV) airfoils. In the
TA and UN simulations, a one-nozzle/two-rotors/one-EGV blade
count approximationis made. To keep the pitch-to-chordratios con-
stant, the rotor blades were scaled by a factor of 147

150 , and the EGVs
were scaled by a factor of 67

75 . This scaling also assumes that the
nozzles are a continuous slit around the annulus. The TA and UN
simulations utilized 51 spanwise planes and contained a total of
818,358 grid points. The average value of y+ , the nondimensional
distance of the � rst grid line above the surface, was approximately
1.0 for the airfoils surfaces and 1.5 for the endwall surfaces.

The nozzle was discretizedusing an O grid with a collapsingline
at the centerline.The grid contained108points in the axialdirection,
38 points in the circumferentialdirection,and 31 points in the region
from the centerline to the outer wall. Thus, a total of 127,224 points
were used to discretize the nozzle.

In the CO simulation, a one-nozzle/six-rotors/three-EGVs blade
count approximation was made. To keep the pitch-to-chord ratios
constant, the rotor blades were again scaled by a factor of 147

150 , and
the EGV airfoils were again scaled by a factor of 67

75 . This blade
count, however, correctlyrepresentsthe presenceof one nozzle.The
CO simulation utilized 41 spanwise planes and contained a total of
1,545,987grid points (see Fig. 1). Note that the computationalgrid
density at each spanwise plane was the same as in the TA and UN
simulations. The average value of y + , the nondimensionaldistance
of the � rst grid line above the surface,was approximately1.0 for the

Fig. 1 Computational grid for the nozzle/turbine geometry.
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airfoils surfaces and 4.0 for the endwall surfaces. Figure 2 shows
the topology at the interface of the nozzle exit and the rotor inlet.

Numerical Results, Time-Averaged
and Unsteady Pressures

The Fastrac nozzle was designed to have an inlet Mach number
of M0 ¼ 0.23 and an exit Mach number of M1 ¼ 2.13. The nozzle
inlet static temperature is 889 K, and the ratio of speci� c heats
is c =1.108. The turbine rotates at X =20,000 rpm. The Reynolds
numberwas set at Re =1 £ 106 basedon the nozzle inlet conditions
and the rotor axial chord. The working � uid is RP1 rocket fuel.

Figure 3 contains the time-averaged pressure distributions at the
midspansectionof the rotor.TheTA andUN simulationyieldsimilar
time-averagedpressuredistributions,includingan even loadingdis-
tribution. The CO simulation produces signi� cantly more loading
near the leading edge of the rotor. The aft portion of the rotor in
the CO simulation tends to unload because of a suction surface
separation bubble, which is much larger than in the TA and UN
simulations. The separation bubble exhibits large temporal varia-
tions as the rotors move in and out of the wakes generated by the
nozzle (see Fig. 4). Note that modeling of the nozzle in the UN
simulation drives the solution closer to the CO results than the TA
simulation.

The importance of coupling the nozzle and turbine simulations
is demonstrated in Fig. 5, which shows a Fourier decompositionof
the unsteady pressure at the point where the nozzle wake impacts
the rotor in the lower half-span of the blade. The nozzle passing
frequency is about 8000 Hz, whereas the blade passing frequency
is approximately 48,000 Hz, that is, there are six rotors for each

Fig. 2 Axial direction view of the nozzle exit/rotor inlet interface.

Fig. 3 Comparison of time-averaged pressure distributions, rotor midspan.

nozzle. The CO simulation indicates large levels of unsteadiness
at frequencies between the nozzle and blade passing frequencies,
which is consistent with the expected behavior because of the gap
between the nozzles and rotors. The UN simulation appears to sig-
ni� cantly underpredict the interaction (unsteadiness) of the nozzle
and rotor blades.

The radial distribution of the circumferentially averaged Mach
number at the rotor inlet is shown in Fig. 6. The CO simulation
displays the thickest endwall boundary layers, followed by the UN
simulation. The impingement of the nozzle jet in the tip endwall
region is evident in the CO simulation, whereas the distribution in
UN simulation is nearly symmetric about midspan. The boundary
layers in the TA simulation are very thin. All three simulations
producemidspan Mach numbers of approximately M2 =2.10. Note
that the mass � ow was the same in all three simulations; the hub

Fig. 4 Instantaneous entropy contours for midspan of the nozzle/
turbine geometry.
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Fig. 5 Fourier decomposition of unsteady pressure, nozzle wake impact point.

Fig. 6 Time-averaged radial pro� le of Mach number, rotor inlet.

and case radii at the rotor inlet were adjusted in the TA simulation
to match the mass � ow. The Mach number pro� les at the exit of the
rotor (see Fig. 7) are similar in all three simulations, with a peak
Mach number of approximately M3 =0.5 at the tip and M3 = 0.4 at
the hub.The CO simulation,however,displaysthe thickestboundary
layers and smoothest pro� le. Figure 8 contains the Mach number
pro� les at the exit of the EGV. The CO simulationshows the thickest
endwall boundary layers, as well as the greatest peak Mach number.

As suggestedby Fig. 8, the � ow angles in the three simulationswere
signi� cantly different.

The CO simulation predicted the most work and power. The
power, 869 kW, is close to target value 895 kW and has been sub-
stantiated by hot-� re tests. The power outputs in the TA (733 kW)
and UN (796 kW) simulationsare signi� cantly underestimated.Be-
cause the current � ow analysis has been used successfully for many
interactinggeometries(e.g., Refs. 1 and 4), it is assumed that the CO
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Fig. 7 Time-averaged radial pro� le of Mach number, rotor exit.

Fig. 8 Time-averaged radial pro� le of Mach number, EGV exit.

simulation most accurately represents the physics of the problem.
The total-to-total and total-to-static ef� ciencies in the TA and UN
simulations (62.5 and 62.8%, respectively) are greater than in the
CO simulation (61.2%) because the interactionbetween the nozzle
and rotor blades generates losses.

Conclusion
A series of numerical simulations have been performed for the

Fastrac nozzle/supersonicturbinegeometry.These simulationshave

been used to study the effects of differentmodeling approximations
on the predicted nozzle/rotor/EGV � ow� eld. The results indicate
that the nozzle and rotor � ow� elds should be coupled and solved
simultaneously to predict accurately the unsteadinessgenerated by
the nozzle/rotor interaction.
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Introduction

V ARIOUS applicationsof propellantsmake it necessaryto mod-
ify the propellants to increase the burning rate. For the most

part, this problem can be solved by the use of various combustion
catalysts.1 ¡ 5 However, there comes a point where all burning rate
catalyst possibilities have been exhausted, but the desired burning
rate level has yet to be reached.In this case, one may employvarious
additives6 ¡ 8 that possess a burning rate of their own several times
superior to that of the startingpropellantcomposition.The combus-
tion mechanismof such compositionshas not been fully considered,
though an increase in the burning rate was assumed to be due to a
cratering effect in the burning propellant caused by extremely fast
decompositionof particles of the additive.6 Thus far it is not clear,
however, how the particle size, burning rate, and content of addi-
tive entered into a propellantcomposition can in� uence the burning
rate and character of rb( p) dependence. In this connection, the ef-
fect on the burning rate of entering fast-burning energetic materials
(FBEM) into ammonium perchlorate–polymeric binder propellant
formulations has been studied.

Experimental
Lead salt of 2,4,6–trinitro–meta–cresol (LTNC), the combustion

of which has been studied previously,9 was used as the fast-burning
additive. It is a stable compoundwith ignition temperatureof 250 K
and demonstratesa burning rate 21.6 cm/s at 10 MPa, that is, almost
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10 times faster than conventional composite propellants. Grains of
LTNC were preparedby granulatingtabletsof the substancepressed
at 500 MPa to the density of 2.34 g/cm3 followed by sieving.

A window constant-pressure bomb of 1.5-liter volume pressur-
ized with nitrogenwas used to measure the burningrate of composi-
tions in the pressurerange0.1–40 MPa. The behaviorandvelocityof
burningwere registeredusinga slit camera. In preparingthe strands,
uncured propellant compositions containingLTNC grains were put
into transparentacrylic tubes 7 or 12 mm i.d. and 30–50 mm height.

The delay time of ignition of the propellant layer immediately
under an FBEM grain was determined using strands separated into
two partswith a pressedFBEM tablet approximately1 mm thickand
7 mm diameter.The slit camera was used to record the front of � ame
propagation through the propellant-FBEM tablet-propellant strand
section that allowed the delay of ignition of the lower propellant
layer to be derived from the record.

Results and Discussion
Incorporationof LTNC of � ne particle size (less than 10 l m) into

propellant,which burnt at 2.2 cm/s at 10 MPa, failed to enhance the
burning rate (Fig. 1). Quite different observations have been made
when the FBEM particle size was changed. Figure 1 shows that an
increase in the LTNC particle size to 500 l m lead to a progressive
enhancementof the burning rate of the propellantcomposition con-
taining 15% LTNC grains. On further increasing the particle size,
the burningrate of the compositionremainedpracticallyunchanged.

Previous experimentson critical combustion diameter dc showed
that dc of LTNC was equal to 15 l m, and there was no change in
the LTNC burning rate within the 100–1000 l m diameter range.
It follows, therefore, that the observed decrease in the composition
burning rate as LTNC particle size decreases from 500 to 100 l m
(see Fig. 1) cannot be attributed to the in� uence of the critical com-
bustion diameter.

To explain the results observed, let us consider a simple combus-
tionmodelof a propellantformulationcontainingFBEM grains.The
FBEM grains are assumed to be of spherical form, to have diameter
d , to have the burning rate of their own rFBEM superior to that of the
baseline propellant, and to be evenly distributed in the propellant
bulk, as shown in Fig. 2. In the case of the one-dimensionalmodel,
the time of combustionof a unitvolumeis a sum of combustiontimes
of the propellant layers above and under an FBEM particle and the
particle itself. Also one may suggest the occurrence of some delay
in ignitionof the propellantlayer underneaththe FBEM particledue

Fig. 1 Burning rate vs pressure for a composite propellant containing
15% LTNC grains at different LTNC particle sizes: 1, baseline pro-
pellent; 2, less than 10 µ m; 3, less than 100 µm; 4, 200–315 µm; 5,
315–400 µm; 6, 400–630 µm; 7, 630–800 µ m; and 8, 800–1000 µm.


