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Flow Through a Submerged Nozzle

Brian E. Thompson,* Olivier Bouchery,T and K. D. Lowney*
Rensselaer Polytechnic Institute, Troy, New York 12180-3590

Measurements of mean and fluctuating velocity components are obtained with refractive-index-matching laser
velocimetry in a submerged nozzle representative of thrust-vectoring nozzles in solid rocket motors. The approach-
ing flow has a structure similar to that approaching a sudden contraction, but is affected by the large annular
recirculation bubble that fills the outer annular cavity around the nozzle and reattaches on the nozzle lip. Turbu-
‘lence production is increased, with large fluctnations in the shear layer bounding the recirculation bubble and core
flow. Immediately upstream of the nozzle; this production is balanced by relaminarization processes associated
with acceleration of core flow into the nozzle. The development of the wall flow inside the nozzle is significantly
different from that in a simple nozzle, and the present measurements provide benchmarlg data that give insight
into turbulence modeling assumptions used in procedures to design solid rocket motors.

Nomenclature
D = diameter of the upstream duct, mm
d = diameter of the nozzle at the throat, mm
n = refractive index
R = local radius from the centerline to the wall, mm
Re = Reynolds number
r = radial position (origin on the centerline), mm
T = temperature, K .
U,V = mean components of axial and radial velocity, m/s
u,v = fluctuating components of axial and radial velocity, m/s
x = axial position (origin in the plane of the nozzle tip), mm
v = dynamic viscosity, m?/s
0 = density, kg/m3
Subscripts
b = bulk
d = downstream duct
u = upstream duct

Introduction

OLID rocket motors (SRMs) are rocket engines in which the

propellant, composed of fuel and oxidizer, is stored in solid form
upstream of a nozzle. The burning characteristics, which determine
the thrust, mass flow rate, operating pressure, and burn duration of an
SRM, depend on the size and shape of the exposed burning surface:
inhibitors are often located in and around the grain to control overall
burn rate of the rocket.

Two nozzle configurations are commonly used in modern solid
rocket boosters: an external, convergent—divergent nozzle, or a sub-
merged nozzle similar to that shown in Fig. 1. Submerged nozzles
have the entry, the throat, and part of the exit duct cantilevered
upstream into the combustion chamber to allow for thrust vector-
ing mechanisms. Design of submerged nozzles is more complex
than that of external nozzles because the former are exposed to hot-
ter gases, particulate, and external pressure forces.! Submergence
lowers specific impulse by about 1%, mostly on account of the
first 10-15% of submergence.? Submerged nozzles are, however,
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preferred in many solid rocket motors because of their thrust-
vectoring capability.

Chunks of inhibitor or solid propellant released from the grain sur-
face react while convecting through the SRM nozzle. Experiments®
in combination with calculations of gas—particle flowfields®* sug-
gest these particles can affect rocket performance in several ways.
Metal oxide particles can cause momentum losses because of their
velocity lag and failure to transfer chemical energy to the gases.’
Combustion efficiency can be affected by the size distribution of re-
leased aluminum oxide particles. Convecting metal oxide particles
can influence boundary-layer development and separation bubbles,
and can lead to heat, pressure, and recombination losses.® Calcula-
tions of two-phase flow in solid rocket motors®’ affirm that partic-
ulate influences momentum transfer and thus the size and location
of the annular recirculation region on the submerged exterior of the
nozzle entrance, and thus exacerbates the overall SRM performance
loss associated with submergence.

The flowfield inside models of solid rocket motors with sub-
merged nozzles has been calculated,® and results compared with
experiments in models of SRM geometries.!'1%!! Confidence in the
calculations is, however, limited because of uncertainties associ-
ated with boundary-condition and numerical approximations and
assumptions in models of turbulence, heat transfer, and multiphase
flow. Quantitative data from experimental investigations are essen-
tial for comparison to calculations and for validation of modeling
assumptions, and are the subject of the present work.

Experimental investigations inside combusting solid rocket mo-
tors are difficult. Measured results for computational fluid dynam-
ics (CFD) validation purposes have been mainly obtained in water
models and cold-gas simulations of flow through SRM configu-
rations. Water models are used because they have low cost and
show separated-flow regions.! Schorr,'? Hoyt,!* Adams,'* and many
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Fig. 1 Geometry of axisymmetric submerged nozzle. (Dimensions are
shown in inches.)



THOMPSON, BOUCHERY, AND LOWNEY 987

studies at NASA Marshall Space Flight Center used water models to
study the complex flow patterns in SRM nozzle geometries. Cold-air
flow models have also simulated flow through SRM nozzles>!5:16
and measured the exhaust flow to obtain viscous-flow properties,
turbulence characteristics, heating rates, and erosion patterns. Vi-
sualization of flow patterns at a burn time of 100 s in an %-scale
model of the Space Shuttle SRM, with nozzle vectoring capability
and wall injection, showed that vortex formation upstream of the
nozzle inlet influenced exhaust patterns.'® Hot-wire measurements
obtained in injection-driven cavities with geometric similarity to
SRMs show that the axial velocity near the nozzle is not constant
near the centerline and gradients increase substantially near the walls
in response to turbulent shear.!! The effect of particles in the flow
was not obtained, because the porous wall made it difficult to ar-
range sensible particle injection and an appropriate measurement
system: for example, fragile hot wires would be immediately dam-
aged in this fluid—particle mixture, and optical diagnostics was im-
practical through porous (hence opaque) walls. It is also difficult
to extend these techniques to multiphase experiments, because of
problems in scaling particle size and distribution. Accordingly, em-

phasis was placed here on measurement of single-phase flow for -

validation of the fluid-transport models before adding complexities
such as wall blowing, heat transfer, and combusting particles.

Investigations of erosive burning in solid rocket motors'”-1 have
measured the burn-time variation. Variations in propellant mass,
propellant density, and characteristic velocity were small enough to
have nearly negligible effects on burn-time dispersion in most solid
rocket motor designs.!” A fixed geometry of an SRM flowfield at a
given burn time is used here.

The complex geometry, especially near the submerged nozzle en-
trance, makes access difficult for optical diagnostics. Laser Doppler
velocimetry (LDV) obtains the flow velocity nonintrusively; but its
application would be limited around the multiple solid boundaries
and curved surfaces of a submerged nozzle. Optical distortion asso-
ciated with differences in the refractive indices between the model
material and the fluid along the path of the laser beams would af-
fect the measurement position and frequency-velocity conversion
of the LDV, or may prevent measurement because the beams do not
intersect to form an interference volume.

Refractive-index-matching laser velocimetry (RIMLV) alleviates
the above optical-access difficulties by matching the refractive in-
dices of the model and fluid. Several RIMLYV techniques have been
used,!®~22 each with its own advantages and limitations. Glass
models?®2! are costly and difficult to manufacture, and associated
fluids that match the refractive index of glass often have high vis-
cosities, which make obtaining high-Reynolds-number flows also
costly and difficult. The present investigation chose instead a low-
viscosity mixture of organic solvents that matches to acrylic.!>?
Thompson?® reported this solution was used in acrylic models to
obtain velocity measurements and visualization in flow through a
variety of complex models, including a Space Shuttle main engine
(SSME) preburner liquid-oxygen post, a scaled model of the SSME
main injector bowl,”” a scaled model of a rotating SSME bearing
cavity, a centrifugal pump,” a coal combustor, an engine intake
manifold, and dense two-phase flows.?* This RIMLV approach was
chosen for the present submerged nozzle because it avoids flow in-
terference associated with probes, it is not frustrated with the optical
accessibility limitations, and it can attain high Reynolds numbers in
the turbulent regime at reasonable cost. It can also be extended to
two-phase flows.

The present model, flow system, and measurement procedures
are described next and followed by measured results including
flow visualization, mean velocity, and turbulence quantities. The
development of the mean flow and the structure of the turbulence
approaching and inside the nozzle, which includes the balancing
processes between turbulence production and relaminarization, are
then discussed, and the paper closes with the salient conclusions.

Apparatus and Procedure
Model of the Submerged Nozzle
Figure 1 shows the 1.8%-scale geometry of the present acrylic
model, which has an axisymmetric core of submerged nozzle at a

100-s burn time in the Space Shuttle SRM. Dimensions were based
on those measured in solid rocket motor nozzles'” and are similar to
those of models in previous studies.®~%10:11.25 The inlet and exhaust
regions of the present model are long pipes, which makes computa-
tional grid generation and calculations straightforward, keeps model
manufacturing at a reasonable cost, and is a simplification of SRM
configurations. The acrylic model has flat exterior walls to simplify
optical access and allow measurements of axial and radial compo-
nents of velocity throughout the flow. To alleviate residual stresses
that could effect optical clarity and model life, the acrylic block was
first annealed at 420 K for 12 h, which resulted in about 2% shrink-
age. The block was then rough machined to within about 0.05 mm
of its final dimensions, and annealed for a second time at 410 K for
11 h. The model was then machined and polished to the dimensions
shown in Fig. 1.

Refractive-Index-Matching Flow Circuit

Figure 2 shows the refractive-index-matching circuit, which com-
prises a temperature-controlled reservoir, a pump, a flowmeter, and
the model described above. The refractive index of the fluid and
acrylic were matched so that the optical path of the laser light was
unaffected and determination of the position and geometric charac-
teristics of the measurement volume inside the model was straight-
forward. A mixture of turpentine and Tetralin was held at a constant
temperature to match refractive indices, and Table 1 presents its
properties.

Table 2 presents the present operating conditions. The flow rate
was obtained with a rotameter. The most important parameters
to match in this flow are the geometry and the Reynolds num-
ber at the nozzle throat. Geometric scaling was discussed above.
Table 3 presents a comparison of actual and model operating pa-
rameters, which show that the Reynolds number in the refractive-

Table 1 \Properties of the refractive-index-matched mixture

Density p =900 kg/m3
Kinematic viscosity at 32°C v =154 x 1076 m?/s
Refractive index n = 1.489
Temperature T =32°C
Table 2, Operating conditions
Volume flow rate 20 gal/min
Bulk mean velocity at nozzle throat 2.80 m/s
Bulk mean velocity upstream duct 0.5 m/s
Matching temperature 32°C
Table 3 Similarity parameters
Parameter Actual SRM Model
Nozzle throat Reynolds number 2 x 10% 46 x 104
Nozzle throat diameter d, m 14 0.254
Upstream duct diameter D, m : 3 1.61
D/d 2:1 2.5
Flowmeter . RT.D, Test Section Vent Valve

Bypass Line

Heating
Elements

S5
P

Temperature Pump
Controlled Tank

Fig. 2 Refractive-index-matching flow circuit.
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index-matching flow circuit is sufficiently high to obtain turbulent
flow in the invariant range between 10 to 107 for SRM geometries. !

Flow Visualization

Flow visualization was obtained with conventional photographic
techniques, including a high-intensity light, camera, and video
recorder. Small air bubbles were created in the fluid to scatter the
light for photography. These bubbles were created by mixing air
with the fluid mixture in the temperature-controlling tank and then
using the pump to bréak any large bubbles into an almost uniform
distribution of about 0.5-mm-diam bubbles. The quantity of bubbles
was controllable, although their size was not.

Laser Velocimeter

The laser velocimeter comprised a 15-mW He-Ne laser
(632.8-nm wavelength), backscatter transmitting and receiving op-
tics, a three-axis traversing mechanism, a cascade photodiode, a
counter with signal conditioner, and a microcomputer. Optics were
configured for a measurement volume with length and diameter of
2.1 and 0.13 mm, respectively. Flow was seeded with acrylic spheres
of 2-um diameter. The counter was arranged in 10-16 frequency
validation mode after setting appropriate amplitude validation lev-
els with a digital oscilloscope. The optical setup did not include a
frequency-shifting device: flow visualization identified regions with
reversing flow, which were not measured here.

Measurement Uncertainty

Maximum uncertainties for 95% confidence in the mean veloci-
ties and turbulence intensities reported below were less than 2 and
6% of the local values based on the optical characteristics of the RIM
flow circuit and signal-processing instrumentation, and these were
repeatable within 1%. The mean flow rate was monitored within
1%, and the RIMLV measurement volume was positioned within
0.02 mm with a tridirectional, linear traversing mechanism.

Measured Results

Flow Visualization

Figure 3 shows the overall flow pattern obtained from flow visu-
alization, Turbulent, fully developed, axisymmetric, swirl-free flow
(as confirmed by measurements below) approaches the nozzle en-
trance. The most prominent flow feature is the annular recirculation
bubble around the nozzle exterior. In turbulent boundary layers like
those found in this flow configuration, separation does not occur at
a single streamwise location, but is spread over a streamwise re-
gion and involves a spectrum of states.?6” The onset of separation
is indicated by the appearance of reverse flow, and fully developed
separation is achieved when the mean wall shear stress vanishes. For
the present configuration and flow rate, the location of mean stream-
line detachment was at 0.44d upstream of the nozzle entrance, and
the mean-flow reattachment point was on the tip of the nozzle nose.

Velocity Measurements

Measurements of axial and radial components of velocity are pre-
sented upstream and downstream of the submerged nozzle entrance,
although not in the recirculating flow region previously discussed.
Figure 4 gives the axial components of mean velocity and turbu-
lence intensity along the centerline of the nozzle. The mean flow
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Fig. 3 Flowstructure and axial mean velocity in the submerged nozzle.’
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Fig. 4 Axial components of mean velocity and turbulence intensity
along the centerline.
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Fig. 5 Axial component of mean velocity upstream of the nozzle
entrance.

accelerates, gradually approaching the nozzle, until it reaches its
maximum value at the nozzle throat. Downstream of the throat, the
core expands at a 2-deg angle, which causes deceleration of the core
flow leaving the nozzle. Turbulence intensity in the upstream flow is
low and is further reduced by relaminarization processes associated
with mean-flow acceleration approaching the nozzle.

Figures 5 and 6 present measured values of axial and radial com-
ponents of the mean velocity, respectively, which were obtained
upstream of the nozzle entrance. At the inlet 1.4D upstream of the
nozzle entrance, the flow is axisymmetric, fully developed, turbu-
lent pipe flow; this is a result of the combination of plenum, flow
straighteners, and screens located about 30D further upstream. Ap-
proaching the nozzle entrance, the mean component of axial velocity
accelerates near the centerline and decelerates near the wall as the
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Fig. 7 Axial component of turbulence intensity upstream of the nozzle
entrance.

flow adjusts to enter the nozzle. The radial component of mean
velocity exceeds 5% of the bulk velocity at about x/D = —0.6 up-
stream of the nozzle entrance, although the redistribution of axial
velocity is small. At about 0.25D upstream of the nozzle, the axial
component of velocity has lost its pipe-flow distribution and has
characteristics more typical of flow upstream of a forward-facing
step. The radial velocity has its largest value of about 25% of bulk
velocity at about 0.15D upstream of the nozzle, where the near-wall
flow has separated as discussed below. The two profiles within x /D
of —0.25 of the entrance have regions near the wall where the flow
is reversing and measurement uncertainty is high.

Figures 7 and 8 show measurements of axial and radial compo-
nents of turbulence intensity, respectively, at locations correspond-
ing to the above mean-flow results. Axial turbulence intensity has
a typical pipe-flow distribution that has been affected by two influ-
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Fig. 9 Axial component of mean velocity downstream of the nozzle
entrance.

ences. First, turbulence production in the annular shear layer that
separates the recirculating flow and accelerating core flow increases
velocity fluctuations at x/D between about —0.8 and —0.4. Sec-
ond, the near-wall flow is approaching separation, and the maximum
turbulence intensity decreases and moves away from the wall: these
characteristics are typical of wall flow approaching separation.””
The largest measured values of radial normal stresses were found at
the center of the shear layer at about 0.15D upstream of the nozzle,
which corresponds with the location of both the maximum gradient
of the axial velocity and the largest values of the radial velocity,
both of which were found at /R about 0.5.

An annulus of recirculating flow is observed around the external
surface of the nozzle. The mean streamline detachment was located
by flow visualization at about 0.64 upstream of the nozzle entrance
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Fig. 11 Axial component of turbulence intensity downstream of the
nozzle entrance.

on the outer wall. Reattachment was apparent on the upstream tip
of the nozzle in flow visualization.

Figures 9 and 10 show measured values of axial and radial com-
ponents of mean velocity inside the nozzle. Flow entering the nozzle
at x/d = 0.0 has a distorted axial profile. The radial components of
velocity near the nozzle tip are larger than the axial components as
the flow turns around the tip and enters the nozzle. The axial velocity
develops a peak near the wall at about x /d = 0.16, which increases
to a maximum value at x/d about 0.39 and then recovers towards
a pipe-flow distribution downstream. Correspondingly, the radial
component of the mean velocity is significant but decreasing from
the tip to about x /d = 0.39, where it becomes small and dominated
by the 2-deg expansion of the duct. Figures 11 and 12 show the cor-
responding axial and radial turbulence intensities. Turbulence levels
in the wall boundary layers are affected by the mean-flow acceler-
ation, which effects relaminarization between x /d = 0.0 and 0.08.
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Fig. 12 Radial component of turbulence intensity downstream of the
nozzle entrance.

Downstream of this location, turbulence production near the wall
dominates over relaminarization, and turbulence levels increase, al-
though at a lower rate than would be expected in developing flow
regions in straight or diffusing ducts. The mean flow and turbulence
have developed characteristics typical of conventional pipe flow
within 1.18d downstream of the nozzle tip.

Discussion

The present flow represents a simplification of the multiphase
flow, heat transfer, phase change, and chemical reactions found in
solid rocket motors. The present configuration is of interest because
it assesses the influence of the complex geometry of the submerged
nozzle on flow development, without the complicating effects of
wall blowing, particle size and distribution, and compressibility. If
simpler cases like this or, for example, flow through sudden con-
tractions can be shown to be valid comparisons for certain charac-
teristics of the flowfield inside the actual nozzle, then numerical and
experimental investigations based on them may provide a means
for obtaining insights into significant phenomena and for validating
calculation procedures.

Measurements of flows in a pipe with a sudden contraction have
been reported for contraction ratios D/d and Reynolds numbers
based on the upstream duct diameter of 1.87 and 1000 in the lami-
nar regime,?® and of 1.6 and 10,000 in the turbulent regime,? and
can be compared with 2.5 and 20,000 for the submerged-nozzle re-
sults presented above. The bulk flow accelerates as it enters these
nozzles, and this dominates the flow patterns of all three configu-
rations. These patterns are also similar to previous calculated® and
measured!® results obtained in various configurations representa-
tive of SRM geometries. This acceleration also causes turbulence
fluctuations in the core flow to decrease with increasing downstream
distance along the duct centerline. Measurements in the present sub-
merged nozzle, measurements in the turbulent sudden-contraction
flow,?? and also calculations in complex nozzle flows with mixing
length and k—¢ turbulence models® confirm this relaminarization
effect.

In both of these laminar and turbulent sudden-contraction flows,
an outer annular recirculation region is observed in the corner up-
stream of the contraction. Another annular separation bubble is ob-
served downstream of the sharp edge at its entrance. While the
former is observed in the present results and in other experiments
in SRM nozzle flows,? the latter is not observed here, because the
flow reattaches at the lip and then remains attached to the curved
surface from there downstream into the small duct.



THOMPSON, BOUCHERY, AND LOWNEY 991

Distributions of mean velocity in both turbulent and laminar flows
approaching the sudden contraction have similarities to those mea-
sured in the present submerged nozzle. The flow near the center-
line increases in velocity because of streamline convergence, and
the velocity gradients near the wall decrease and approach separa-
tion. Downstream of the nozzle entrance, a maximum of mean axial
velocity is measured near the wall. This feature is also found in
calculated and measured results in the laminar sudden-contraction
flow,?® although the maximum values are smaller with the smaller
contraction ratio. This near-wall acceleration is not reported in the
turbulent flow through a sudden contraction,? perhaps because ve-
locity measurements could not be obtained until almost 1 diameter
downstream of the contraction step without the use of refractive-
index-matching laser velocimetry.

In laminar sudden-contraction flows, both length and height of the
recirculation region upstream of the contraction depend on Reynolds
number.”® The distance from the small-duct entrance upstream to
the location of mean-flow detachment on the outer wall is at most
about half that in the present submerged-nozzle flow. The laminar
reattachment point is not found at the sharp edge of the entrance
to the small duct, but is always more than 20% of the step height
outward from the sharp edge towards the outer wall at the contrac-
tion. In the submerged nozzle, reattachment is found at the lip of
the nozzle nose.

The details of flow development in the vicinity of the submerged
nozzle are different from both laminar and turbulent flows through
sudden contractions. The submerged-nozzle flow has less curva-
ture in shear layer surrounding the recirculation bubble, and there
is more gradual development of the boundary layer on the nozzle
surface downstream of the lip.

Discontinuities at the contraction step are absent in the present
geometry and the surface of the tip of the present model curves
gradually as its diameter contracts to that of the exit duct. The in-
fluence of streamwise curvature™ is expected to be negligible, the
ratio of boundary-layer thickness to surface radius being less than
0.3. The swirl component of the mean velocity was negligible, so
there was no evidence of secondary streamwise vortices or their ef-
fects on the turbulence structure as observed with large streamwise
curvature.®! Laminarization processes®? are dominant in this region
of the nozzle entrance.

The influence of wall blowing is negligible’ in the immediate
vicinity of a submerged nozzle in an SRM at late burn times. As
the grain surface recedes with burn time, solid surfaces are exposed
in the vicinity of the nozzle and its outer annular chamber. The an-
nular recirculating flow interacts with the core flow in the conical
shear layer that accelerates the core flow into the nozzle inlet. Flow
on the outer wall and downstream of this shear layer recirculates
inside the outer annular cavity by traveling along the boundary to-
wards the centerline and continuing around the cavity wall back
towards the separation point. The present flowfield is similar to that
measured in gas flow through a model of a Space Shuttle SRM with
wall blowing.' Both show separated flow in the cavity region and
acceleration of core flow as it passes through the nozzle inlet.

Concluding Remarks

Measurements of the radial and axial components of the mean and
fluctuating velocity have been presented in a submerged nozzle with
a geometry chosen to represent the Space Shuttle solid rocket mo-
tors at long burn times. Flow approaching the nozzle is dominated
by acceleration of the core flow and the annular recirculation region
on the outer wall, which separates upstream of the nozzle entrance
and reattaches on the lip of the nozzle nose. Measured turbulence
quantities show evidence of the balance between relaminarization
and wall production in the shear layer approaching and inside the
submerged nozzle. The present measurements describe flow charac-
teristics that would allow validation of CFD methods that calculate
flow through submerged nozzles.
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