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Role of Wall Shape on the Transition
in Axisymmetric Dual-Bell Nozzles

Francesco Nasuti,* Marcello Onofri," and Emanuele Martelli¥
University of Rome “La Sapienza,” Rome 00184, Italy

Dual-bell nozzles represent a possible solution to improve the performance of large liquid rocket engines for
launcher first stages. The present paper studies the role of the second bell shape on the side loads that can occur
during the transition between the two main operating modes of the nozzle. In particular, the design of the second bell
profile is critically discussed on the basis of results obtained from suitable test cases. The analysis of performance
and behavior during the transition is carried out by a validated turbulent Navier-Stokes solver. Geometries were
generated by the method of characteristics. Results show that slightly different geometries designed by the method
of characteristics yield modest performance changes but severe differences in behavior during the transition phase.
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Superscript

/ = nondimensional value

Introduction

AUNCHER first-stage engines operate in a varying pressure
environment, from sea-level to nearly vacuum conditions. For
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this reason the conventional bell nozzles, which feature a single
adaptation altitude, cannot yield the maximum performance along
the whole trajectory. Although the ideal propulsion device would
be an engine with adapted nozzle during its whole operating phase,
a nozzle featuring a high adaptation altitude would be a good solu-
tion to provide high engine performance, as most of the operation
of the main-stage engines takes place at high altitudes (low pres-
sures). Unfortunately this approach cannot be accepted because of
the generation of heavy side loads that take place during the over-
expanded phase at sea level. In fact, the expansion ratio of present
bell nozzles is strongly limited by this phenomenon. To improve
the average thrust coefficient of main engine nozzles and, conse-
quently, the launcher performance and the relative payload mass,
different nozzle concepts have been studied, aiming at closing the
gap between present and ideal engines.!?

Among new nozzle concepts, the dual-bell nozzle*~ is one of the
most promising choices. The idea of the dual-bell design is to have
anozzle capable of operating at adapted conditions at two different
altitudes without the aid of moving parts that could compromise the
engine reliability. Indeed, the double adaptation altitude is obtained
by means of a geometrical discontinuity of the nozzle profile, which
yields two different operating modes, depending on the ambient
conditions met during the flight. In particular, the divergent sec-
tion features two bells with different exit area (base and extension),
connected at the inflection point A (Fig. 1). At low altitude (first op-
erating mode, OM1) the flow is attached throughout the first bell and
separated downstream the inflection point (Fig. 2a). In this latter case
a controlled separation is achieved,*® guaranteeing lower side loads
than in overexpanded conventional bell nozzles when flow separa-
tion occurs. The reason is that the separation point remains placed
about a precise location, the inflection point, for a wide range of noz-
zle pressure ratios [pressure ratio (PR)—chamber pressure divided
by ambient pressure]. This is caused by the strong pressure gradient
at the inflection point, so that any chamber and ambient pressure
fluctuation displaces the separation point only slightly. As a conse-
quence, lower side loads are generated compared with conventional
nozzles, which, on the contrary, show a smaller pressure gradient
and therefore a larger displacement of the separation point.>’ On
the other hand, at high altitude (second operating mode, OM2) the
nozzle operates with attached flow in the whole divergent section
(Fig. 2b). The limitation of nozzle expansion ratio caused by sea-
level operation can therefore be circumvented, and, consequently,
higher vacuum specific impulse be obtained, compared with classi-
cal bell nozzles that feature a single adaptation altitude. A further
possible benefit of dual-bell nozzles comes from the possible choice
of low-cost heat-resistant materials for the nozzle extension.?

Although recent studies have provided more insight into the ad-
vantages and drawbacks of dual-bell nozzles, before they become
a practical alternative to conventional nozzles further investigations
are necessary, including both numerical and experimental analyses.
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Fig. 2 Two main operating modes of a dual-bell nozzle.

In particular, improvements of the nozzle geometry design tech-
niques demand that the flow behavior during the transition between
the two operating modes be better understood.

Aim of the present paper is to numerically investigate some de-
sign features of dual-bell nozzles. To this goal a suitable design tool
for dual-bell nozzle profiles has been developed and subsequently
used to obtain three different shapes of the dual-bell nozzle exten-
sion. Then the flow behavior in these nozzles has been analyzed
by a validated turbulent Navier—Stokes solver, with particular at-
tention devoted to comparing performance and to investigating the
transition features between the two operating modes.

Design Goals

Before examining the design approach, it is useful to summarize
the main goals of the dual-bell nozzle design. The first goal is to
develop a nozzle shape capable of delivering two distinct operating
modes (OM1 and OM2), each featuring a different adaptation alti-
tude, and a rapid transition from OM1 to OM2. With reference to the
latter statement, note that, because of possible pressure fluctuations,
transition might not be axisymmetric, and thus the maximum side
loads are reasonably expected during the transition phase,® which
is therefore desired to be as short as possible.> These requirements
limit the choice of possible profiles to those exhibiting no stable
position for the separation line along the second bell. Indeed, if
the separation line were steadily located along the wall of the sec-
ond bell, long-lasting side loads could occur, like in case of highly
overexpanded conventional bell nozzles.

The second goal of dual-bell nozzle design is to obtain the maxi-
mum nozzle efficiency both in OM1 and OM2 within the constraint
given by the first goal. To this end, it is useful to compare the dual-

bell nozzle performance with that of two reference nozzles: 1) a bell
nozzle (BN1) with area ratio € =€, = A,/ A,, equal to the area ratio
of the dual-bell nozzle base; 2) a bell nozzle (BN2) with area ratio
€e=¢,=A,/A,, equal to the area ratio of the dual-bell nozzle ex-
tension. In the case of OM1, the performance will be slightly lower
than that delivered by BN1. This is because during OM1 the flow
is separated at the inflection point, and, because of the recircula-
tion that takes place along the second bell, a pressure lower than
the ambient pressure acts on the extension wall, thus generating an
aspiration drag.® As a consequence, OM1 requires maximum pet-
formance of base nozzle and minimum aspiration drag. In the case of
OM2, featuring attached flow along the whole nozzle wall, the best
performance would be provided by a single-bell nozzle designed
for the same expansion ratio as the dual-bell nozzle (i.e., BN2).
However, because of the inflection point, during OM2 the dual-bell
nozzle displays a performance lower than BN2. Of course, the dual-
bell nozzle concept is of interest only if it provides during OM2 a
significant improvement of performance compared to BN1.

To meet these goals, three families of profiles of the second bell
(extension) have been considered®®: 1) profiles showing increas-
ing wall pressure towards the exit during OM2 (positive pressure
gradient), 2) profiles showing constant wall pressure (zero pressure
gradient), and finally 3) profiles showing decreasing wall pressure
(negative pressure gradient). It has been stressed®? that second bell
profiles with negative pressure gradient would behave like conven-
tional nozzles, with stable positions of the separation location along
the whole profile, and can thus be excluded as a design choice for
dual-bell nozzles. On the contrary, constant pressure gradient and
positive pressure gradient profiles would lead to indifferently sta-
ble and unstable position of the separation location, respectively.
In this study, the analysis of the stability of the separation line is
carried out, without losing generality, by studying the behavior of
the corresponding separation point in the axisymmetric case.

In summary, if the design of the first bell can be carried out as for
conventional nozzles, with the constraint that the flow never sepa-
rates, different requirements must be met when designing the second
bell profile, namely, that of providing the maximum performance in
OM2, the minimum aspiration drag during OM1, and the shortest
transient.

Method of Design

The nozzle design process can be divided in two parts: the first
addresses the design of the base and the second the design of the
extension. For both parts a design tool based on the method of
characteristics has been developed by the authors and implemented
in the present study.

Base

As already pointed out, the critical aspects of dual-bell nozzle de-
sign are focused on the nozzle operation during transition, which is
mainly affected by the second bell shape. The dual-bell nozzle base
can therefore be designed using the classical bell nozzle approach,
with geometries featuring either a truncated ideal contour,'® or an
optimum thrust contour,!! or a parabolic contour.'? In particular, a
single truncated ideal contour is chosen in the present study, whose
properties are selected according to the subscale cold-flow dual-bell
nozzle presented in Ref. 6. The present base nozzle profile features
area ratio €, = 16, length /, =7.4 (lengths are nondimensionalized
with respect to the throat radius, 7, = 10 mm), and is designed for a
cold gas with y =1.4.

Extension

The design approach of the second bell (dual-bell nozzle exten-
sion) is different than the first bell as the goal is no longer solely that
of maximum performance, but also of a safe transition. As just men-
tioned, to avoid a stable separation location along the second bell a
constraint on wall pressure gradient during OM?2 must be satisfied:
it has to be nonnegative. Therefore, the geometry of the extension
is designed by a method-of-characteristics (MOC) calculation of a
profile with assigned wall pressure behavior during OM2, satisfying
the preceding constraint.
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Concerning the method of design, it is interesting to stress that, to
provide a description of the profile with sufficient resolution, MOC
needs an impractically large number of points on the starting line
(i.e., the first wave of the expansion fan). As a consequence the
following procedure has been considered for assigned values of €,
€., I, (see Fig. 1), and wall pressure behavior (constant, linearly
increasing with assigned gradient, . ..):

1) A tentative pressure value downstream the inflection point A
(Fig. 1) is selected and the geometry generated by MOC.

2) If the resulting profile does not pass through the assigned point
B (Fig. 1), the pressure value downstream of the point A in step 1) is
iteratively changed until the profile passes through point B (within
an assigned tolerance).

3) Once MOC profile has been generated, the second derivative
is computed numerically and smoothed by polynomial best fit: a
profile described by a polynomial function is thus obtained.

The preceding design procedure based on the smoothing of the
second derivative of the MOC-generated profile was introduced as
an improvement on the basic approach of smoothing by polynomial
fit of the MOC-generated profile. Indeed, naively using the latter
approach can lead to some drawbacks, as discussed later in the
paper.

Three different profiles of the extension are discussed in the
present paper, each possessing an expansion ratio €, =38.7 and
extension length I, = 9.6 (Fig. 1):

1) Constant pressure profile (COP) is the first one, where two
profiles are considered, one obtained by a cubic polynomial fit of
MOC output, the other by the present method of design (smoothing
on the second derivative of MOC output).

2) Linearly increasing pressure profile (LIP) is obtained by the
present method of design.

3) Parabolically increasing pressure profile (PIP) is obtained by
the present method of design.

Method of Analysis

The analysis of the behavior of the different profiles of the
dual-bell nozzle extension is carried out by a validated solver of
Reynolds-averaged Navier—Stokes equations, which are integrated
by an explicit second-order time-and-space-accurate scheme. This
numerical approach, whose main feature is to handle shock disconti-
nuities by a fitting technique,'>'# has already been used for dual-bell
analysis in Refs. 9, 15, and 16, and is particularly suited to compute
flow transients. Turbulence is computed by a modified version'” of
the Spalart—Allmaras'® one-equation model.

Comparison of Different Extension Shapes

The effect of the three extension profiles on the behavior of dual-
bell nozzles during transition is analyzed by comparing the relative
flowfields, using both steady-state and time-accurate computations.
As already mentioned, the profile shape is identified by the wall
pressure behavior along the extension in OM2, and the different
profiles are named COP, LIP, and PIP, according to the preceding
definitions. All of the steady-state simulations have been carried out
assuming nitrogen as the working gas, p, =57.14 kPa, T, =300 K,
and varying chamber pressure p, to obtain different pressure ratios
(PR = p./pa)- Molecular viscosity is evaluated according to Suther-
land’s law. Results are nondimensionalized with respect to chamber
pressure and throat radius. All of the computations reported in the
following have been carried out with similar grids showing the same
number of cells (14,240) and clustering law. A discussion on the role
of grid resolution on the quality of the solution has been presented
in Ref. 9. Based on that discussion, a single resolution level is con-
sidered here to compare the role of different extension shapes on
the overall flow behavior.

Constant Pressure Extension

The constant pressure profile is obtained by searching for a pres-
sure value that provides a geometry of the extension wall pass-
ing through both A and B of Fig. 1. A single solution exists for
this problem, which in the present case is the nondimensional con-

T
| Assigned wall pressure|
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| o COP2
o
0.0025[ -
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Fig. 3 Comparison among the wall pressure profiles computed for
COP1 and COP2 and the assigned wall pressure value.
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Fig. 4 Comparison of wall pressure along the extension for COP1 and
COP2 profiles obtained by inviscid and viscous computations. Wall pres-
sure variations are enhanced in the insert where the same curves are
shown on a different pressure scale.

stant pressure value p’ = 0.0026, for the assigned values of €, = 16,
€, =38.7,and !, = 9.6. Note that the reference values for p’ and [/ are
chamber pressure (p. =4000 kPa) and throat radius (1, = 10 mm),
respectively.

Once the MOC profile is generated, the smooth profile is obtained
following two approaches: in the first case (COP1) a polynomial
profile is obtained by best fit of the profile generated by MOC; in
the second case (COP2) the smoothing is performed by polyno-
mial best fit of the second derivative. The results obtained by both
approaches considering third-order polynomials are displayed in
Fig. 3. The comparison of wall pressure along the extension shows
a wavy behavior in case of COP1: although pressure oscillations
feature small amplitude, they yield a change of sign of the pressure
gradient. Thus, the COP1 nozzle provides a good approximation
of MOC profile, but the inviscid computation of OM2 shows that
pressure is no longer constant and displays a sequence of positive
and negative gradients. On the contrary the inviscid computation of
OM2 for COP2 nozzle shows the expected constant wall pressure
along the extension (Fig. 3).

The COP1 and COP2 extensions, as well as the dual-bell noz-
zle base, are designed using inviscid approaches; therefore, it has
to be verified that the desired flow behavior is substantially pre-
served when viscous and turbulent effects are taken into account.
Indeed, viscous effects yield a slight change on wall pressure behav-
ior (Fig. 4). It is interesting to note (see also Fig. 5) that COP2 ex-
tension shows a slightly positive value of pressure gradient, whereas
for COP1 extension the viscosity enhances the oscillating wall pres-
sure behavior found in the inviscid case. In particular, a negative wall
pressure gradient takes place in the last fourth of the second bell.
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Fig. 5 COP1 and COP2 nozzle wall pressure and wall pressure gradi-
ent during OM2.
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Fig. 6 Position of the separation point for varying PR computed by a
sequence of steady-state solutions for COP1 and COP2.

The wall pressure behavior in OM2 explains the transition behav-
ior of the position of the separation point computed by a sequence
of steady-state computations, each carried out at a different pres-
sure ratio, and displayed in Fig. 6. The sequence of steady-state
computations is carried out by starting each computation from the
solution at a certain PR and changing the chamber pressure value
while preserving the same value of ambient pressure (thus changing
PR). As already noticed in Ref. 9, there are two different regions (at
the inflection point and at the nozzle end) where a stable position
of the separation point can exist for COP1 extension. These are the
regions where the pressure gradient is negative (Fig. 5). A transition
across the region of positive gradient is, on the other hand, noticed,
which forbids a steady position of the separation point. However, in
the case of COP2, where at the nozzle end no regions exist with neg-
ative pressure gradient, the solutions show that the separation point
finds stable locations close to those obtained for COP1. This behav-
ior indicates that when the pressure gradient assumes values very
close to zero a stable location for the separation point is still possi-
ble. Indeed, Fig. 5 shows that for COP2 profile dp’/dx’ ~ 0 when
x" > 13, and stable locations for the separation point are shown for
x" > 13 in Fig. 6.

Linearly Increasing Pressure Extension

Unlike the COP nozzle, where only one MOC profile can be
obtained for assigned €, €,, and [, a family of MOC profiles for the
extension can be obtained if a linearly increasing pressure behavior
is assumed. Indeed, two independent parameters p/, and o = (pj; —
p'y)/ 1, define the pressure law:

P =rp,+alx’ —x)) )

o’ LIP = 0.0005
- ——6—— dp’/dx’ LIP 1 .
0.010F X
)
| ~
- o
= | )
_ 0.0000
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10 15

Fig. 7 LIP nozzle wall pressure and wall pressure gradient during
OM2.
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Fig. 8 Position of the separation point for varying PR by a sequence
of steady-state solutions for LIP nozzle.

Therefore each profile of the family can be identified by an assigned
value of the constant gradient &, whereas the value of p’, is computed
so as to satisfy the constraints on €, €,, and /,. Here a single LIP noz-
zle is considered, featuring a nondimensional gradient o« = 0.00016.
The resulting behavior of pressure and pressure gradient computed
by a turbulent simulation during OM2 are displayed in Fig. 7.

The sequence of steady-state solutions from PR =280 to 120
shows in this case that transition takes place at PR higher than in
case of COP nozzle (compare Figs. 6 and 8). This is explained by
the lower minimum pressure value reached in this case just down-
stream of the inflection point A in OM2 (compare Figs. 5 and 7).
However, because of the higher positive gradient (nearly 10 times
higher than the maximum value in COP1 nozzle) along the whole
extension, a sudden transition takes place, and when the separation
point leaves the inflection point region it can still find a new stable
location at the nozzle end like in the case of COP nozzle, but only
in a very narrow region about the nozzle lip.

Parabolically Increasing Pressure Extension

A further possible degree of freedom is introduced when consid-
ering a parabolically increasing wall pressure profile. Here only a
family of parabolas starting with pressure gradient equal to zero at
the inflection point A is considered. In this case,

p=p,+BE —x))’ 2

For assigned ¢, €,, and I/, a family of MOC profiles of the extension
can be obtained, one for each value of B, where the value of p/, is
computed to satisfy the constraints. Here a PIP nozzle is considered
featuring a nondimensional parameter 8 = 2.6 x 107>, The resulting
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Fig. 9 PIP wall nozzle pressure and wall pressure gradient during
OM2.
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Fig. 10 Position of the separation point for varying PR by a sequence
of steady-state solutions for PIP nozzle.

behaviors of wall pressure and pressure gradient computed by a
turbulent simulation during OM2 are displayed in Fig. 9. The wall
pressure increases along the extension reaching a maximum gradient
at the nozzle end, with a value nearly equal to two times the constant
gradient of LIP nozzle.

The sequence of steady-state solutions from PR=90 to 120
shows in this case that transition takes place at PR higher than in case
of both COP and LIP nozzles (Fig. 10). The behavior is explained
by an even lower minimum pressure value reached just downstream
of the inflection point A. The present PIP nozzle, because of the
increasing pressure gradient toward the nozzle end, does not show
the clustering of solutions typical of COP also occurring in the case
of LIP.

Performance Comparison

The performance of the three nozzles just illustrated is compared
in terms of thrust coefficient and transition behavior. Figure 11 com-
pares the three different extension shapes, where it can be seen that
although nozzle profiles are quite similar, the turning at the inflec-
tion point A increases from COP to LIP to PIP nozzles, yielding
an increasingly stronger expansion fan. Of course, the larger the
turning in A, the stronger the overturning from A to B necessary to
yield a profile ending in B.

These slightly different extension shapes yield nonnegligible con-
sequences on the dual-bell nozzle efficiency. In particular, the vac-
uum thrust coefficient is compared for the three different shapes,
with the ideal value computed for € =38.7. In Table 1 the values
of Cr for the ideal, COP, LIP, and PIP nozzles are reported on the
second column, along with the value obtained in vacuum by anozzle

Table 1 Comparison of vacuum thrust coefficient for the
three different dual-bell nozzles

Nozzle Cr Cr/CFia wrt COP wrt base?
Ideal 1.720 100.0% —_ _

copr 1.676 97.4% 0.00% +1.88%
LIP 1.672 97.2% —0.24% +1.64%
PIP 1.670 97.1% —0.36% +1.52%
Base? 1.645 95.6% —1.85% +0.00%

#Indicates a nozzle made only of the dual-bell nozzle base.

Table 2 Comparison of transition time and pressure ratio

Nozzle tt’r’ . z‘t’r’2 1y, PR
COP 0.87 0.73 1.60 1.02
LIP 0.93 0.60 1.53 1.10
PIP 1.05 0.56 1.61 1.20

3 —— COP1

| = COP2

s | ------ LIP
— PIP B

0 L L L 1 L L L L 1 L L

10 x7’

Fig. 11 Comparison of the extension shapes of COP, LIP, and PIP
nozzles.

identical to the dual-bell nozzle base. The third column shows the
nozzle efficiency evaluated as the ratio of vacuum Cr compared to
the ideal value. The fourth column shows the reduction of vacuum
Cr with respect to COP nozzle; the fifth column shows the increase
of vacuum C caused by the extension with respect to the dual-bell
nozzle base. The results shown in Table 1 indicate that passing from
COP to PIP the overall efficiency reduces by a factor of 0.36%,
which cannot be considered negligible if compared to the overall
gain in Cr yielded by the second bell (1.52 to 1.88%).

Nevertheless, with regard to the possible reduction of the tran-
sition time between the two operating modes, time-accurate simu-
lations show that an important reduction can be achieved by using
extension shapes featuring positive values of pressure gradient. In
particular, in the present time-accurate simulations chamber pres-
sure is doubled in 7. = 1.0 ms, for a constant p, = 14.29 kPa, and PR
increasing linearly from 90 to 180. Note that the choice of a lower
value of p, with respect to steady-state computations has been made
to shorten computational time. Indeed, a lower Reynolds number at
the same PR and thus a coarser grid in the boundary layer allows
for a larger time step. Nondimensionalization of variables is made
choosing as reference values the duration of pressure variation in
the chamber (¢, = 1.0 ms) and the initial chamber pressure value
(pe = 1.286 MPa). The resulting evolution in time of wall pressure
is shown in Fig. 12, where the plots are relevant to times separated
from each other by a constant time interval A’ =0.3. In all three
cases the separation point, identified by the abrupt pressure increase
in the extension, moves slowly at the beginning, then accelerates in
the constant/positive gradient region. The case of COP nozzle also
shows a deceleration of the separation point at the nozzle end.

The transition time, indicated as ¢, in Table 2, can be defined as
the time elapsed from the instant when the separation point leaves its
initial location up to the instant when it reaches a new equilibrium
position close to the nozzle lip. However, it is interesting to split
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Fig. 12 Wall pressure plots at different times, separated each other by
a constant time step, during transition.

the value of transition time #,. between the time ¢, | the separation
point spends moving from the initial location up to the location of
minimum wall pressure in OM2 (see point C in Fig. 13), and the
time ¢, , spends migrating from the latter location to the final one.
In particular, #; | takes into account the evolution of the separation
point in the region where wall pressure gradient is negative, namely,
in the region where it can assume stable locations, depending on PR,
like in conventional nozzles. The result is that ¢ | increases from
COP nozzle to LIP nozzle to PIP nozzle because of the increasingly
stronger expansion at the inflection point. However, this value of
time is mainly dependent on the variation of chamber pressure and
represents the time interval where the nozzle flow behavior is still
that of OM 1, with the separation point located in the inflection point
region (/] in Fig. 13).

The most important parameter characterizing the transition be-
havior is therefore the time #;., during which the separation point
location moves significantly, covering almost the whole extension
of the dual-bell nozzle. As reported in Table 2, the larger the positive

— 0.0005

Inflection ~ Minimum N

| point pressure 1 s
0.012F @) point (C) ) Lo}
~

Q

o]

-0.0005

Fig. 13 Definition of the width of the inflection point region (ll{ ).

gradient in the extension the shorter the interval of time #,., spent by
the separation point in the second bell. This is an important feature
of positive gradient nozzles because as just mentioned the shorter
the transition time, the shorter the interval of time during which side
loads take place, and thus the lower the risk of structural failure. To
complete the discussion of data reported on Table 2, it can be seen
that the overall transition time #,. does not show a monotonic behav-
ior from COP to PIP nozzles because of the opposite behavior of
tt/r.l and tt/r.Z'

The behavior of wall pressures is also shown by the comparison
made at the same time for all three nozzles in Fig. 14. In particular,
at#’=1.2 and 1.5 the separation point movement is delayed for LIP
and PIP. Nevertheless, the acceleration of the separation point in
case of positive values of pressure gradient is displayed by plots at
t'=1.8. At this instant the LIP nozzle displays a separation point
location downstream that of the COP nozzle, whereas that of the
PIP nozzle is still lagging behind. It should be remembered that
chamber pressure doubles from ' =0 to 1, and thus in all of the
three instants shown in Fig. 14 the final chamber pressure has been
already reached, whereas the effect of varying chamber pressure is
delayed in the extension.

Finally, the steady-state evolution just discussed separately shows
that the transition pressure ratio depends strongly on the pressure
value reached at the end of the expansion at the inflection point
region. For this reason, the stronger expansion that takes place in
LIP and PIP nozzles moves the transition PR toward higher values.
Indeed, as reported in the last column of Table 2, transition takes
place at PR = 120 for PIP nozzle compared to the values of 102 and
110 for COP and LIP nozzles, respectively.

Scaling Effects

The analysis of different shapes of the extension has shown (see
Figs. 5,7, and 9) that, for increasing PR, during OM1 the separation
point is not located exactly at the inflection point. On the contrary,
it moves downstream of the inflection point, in a region where wall
pressure gradient is negative. The width of this region, defined as /;
in Fig. 13, can be important because, if wide enough, small asym-
metric fluctuations of p, or p. can generate significant side loads.
The width of the inflection point region obviously depends on the
boundary-layer thickness (/; = 0 in the inviscid case), which in turn
depends on the nozzle Reynolds number; therefore, its nondimen-
sional value decreases for decreasing boundary-layer thickness (that
is for increasing Reynolds number) and hence for increasing cham-
ber pressure and/or nozzle dimension. To better understand the role
of nozzle size and chamber pressure on /; and on the transition be-
havior, both steady-state and time-accurate simulations have been
carried out considering different Reynolds numbers on the COP1
profile.

The steady-state solutions obtained increasing Reynolds num-
ber from Re = 8.6 x 10° to Re =2.1 x 10° are displayed in Fig. 15,
where an enlargement of the inflection point region is shown to
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Fig. 14 Comparison of wall pressure behavior at selected times for the
COP, LIP, and PIP nozzles.
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Fig. 15 Reynolds-number effect on expansion at the inflection point
in case of attached-flow, wall pressure behavior, and derivative.

Table 3 Width of the inflection point region

Re llf

8.6 x 10° 2.86
8.6 x 107 2.49
8.6 x 108 2.41
2.1 x 10° 2.29
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Fig. 16 Reynolds-number effect on wall pressure along the extension
during OM2.

emphasize differences. The enlarged view shows that the inflection
point region shrinks for increasing Reynolds number and also that
its width is not negligible even in the case of the highest Reynolds
number considered. In particular, Table 3 shows that for as high as
Re=2.1 x 10°, corresponding to the extreme case of a nozzle with
a throat radius of 10 cm and a chamber pressure of 100 MPa with
nitrogen gas and chamber temperature of 300 K, the inflection point
region width can be of the same order of magnitude of the noz-
zle diameter. This is a not negligible feature especially considering
that in the hot-gas cases for an assigned value of the product p.r,,
Reynolds number is smaller than in the cold-gas case.

Once the width of the inflection point region has been recog-
nized as significant, the just-mentioned possibility of having the
separation point placed inside this region rather than exactly at the
geometrical discontinuity must be considered thoroughly. Indeed,
when pressure decreases along the nozzle wall the separation point
will move toward the nozzle exit for decreasing ambient pressure
and constant chamber pressure. The computations carried out for
the present COP nozzle with Re = 8.6 x 10° show that the separa-
tion point finds its equilibrium position in the inflection point region
when PR is lower than 100 (Fig. 6). Because the nondimensional
position of the separation point changes only slightly for varying
Reynolds numbers, it can be inferred that in cases of 10% to 1%
ambient pressure fluctuations, the subsequent tilt of the separation
disk” will be 7 to 0.7 deg, respectively. As a consequence, possible
asymmetric flow behavior in this region can yield side loads that
should be carefully accounted for in the structural design of such a
delicate zone of the nozzle.

A further aspect to be investigated is the effect of nozzle size on
the duration of the transient. This study has been performed by con-
sidering three different time-accurate simulations featuring the same
t. =1, yet different Reynolds numbers. The value of the Reynolds
number, computed at the beginning of the transient (+' = 0) increases
from Re =6.9 x 103 to Re=1.1 x 107. The results are reported in
Table 4, where, as discussed in the foregoing section, the mostimpor-
tant parameter characterizing the transition behavior is the interval
of time ¢, ,, namely, the time spent by the separation point in the
region of instability (the region with nearly zero or positive gradient
in OM2). It can be noticed that ¢, , remains nearly unchanged for
increasing Reynolds number. This behavior is explained by the anal-
ysis of wall pressure gradient during OM2 (Fig. 16). In particular,
the values of wall pressure gradient and the length covered by the
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Table 4 Dependence of transition time on Reynolds number

Re tt/r, 1 tl/r,Z tt’r

6.9 x 10° 1.03 0.82 1.85
2.8 x 10° 0.87 0.73 1.60
1.1 x 107 0.50 0.85 1.35

separation point do not change significantly from one value of one
Reynolds number to the other. On the contrary, the values reported
in Table 4 indicate that increasing Reynolds number reduces ¢ ;.
This is explained by the decreasing value of /; and by the increas-
ing value of wall pressure gradient for increasing Reynolds number.
Thus, the present analysis indicates that variations of the nozzle size
play a more critical role in the evaluation of the possible insurgence
of side loads during OM1 than in the evaluation of nozzle behavior
during transition.

Conclusions

Three different dual-bell nozzles having a common first bell have
been designed, and their performance in terms of thrust coefficient
and behavior during the transition between the two main operat-
ing modes has been compared. The results indicate that the ex-
tension with constant wall pressure during high-altitude operation
shows transition phase solutions characterized by the separation
point steadily placed in a region that covers nearly one-fourth of
the extension length. Profiles with positive pressure gradient show
a better transitional behavior, with a sudden jump of the separation
point from the inflection point region to nozzle exit. Nevertheless,
if the pressure gradient is too small solutions with the separation
point close to the nozzle end can still occur. Finally, the positive
gradient shapes studied yield a rapid transition and display only a
slight reduction of nozzle efficiency. The analysis of the effects of
nozzle size has shown that a finite width of the inflection point re-
gion has to be expected also in the highest Reynolds-number range,
and that increasing the Reynolds number yields a secondary effect
on the transition time.
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