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Computations of Axisymmetric Plug-Nozzle Flow� elds:
Flow Structures and Thrust Performance
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Plug-nozzle � ow� elds are analyzed by the numerical simulations. The method of characteristics is used to
design the plug contour, and several types of plug nozzles are considered by truncating the length of the nozzle
at different positions. Plug-nozzles’ altitude-compensating features are con� rmed by the computed results, and
the base pressure turns out to play an important role to maintain the thrust performance of the nozzle for high-
truncationcon� gurations.The altitudeclearly in� uences the base-pressure distributionsunder the assumptionthat
the chamber pressure is constant during the ascent. The computed thrust difference between the contoured and
the conical nozzle linearly increased as a function of the pressure ratio. The thrust performance of the contoured
plug nozzle is estimated to be about 5–6% higher than the conical plug nozzle. Various conditions of external � ows
over the plug nozzle are also imposed, and the result shows that the external � ow does not in� uence the pressure
distribution on the nozzle surface for the pressure ratios higher than the designed point.

Nomenclature
CF = thrust coef� cient
P = pressure
S = distance along the vehicle
Y = vertical coordinate
Á = plug exit half-angle

Subscripts

a = ambient condition
b = plug base
t = throat

Introduction

S INGLE-STAGE-TO-ORBIT (SSTO) rocket vehicles are ex-
pected to be main launchingvehicles in the new future. It is be-

lieved to reduce the costs of the missions becauseof its full reusabil-
ity and the mechanical simplicity (because of a “single stage”). A
highly ef� cient propulsion system is one of the key factors to real-
ize a SSTO. A plug nozzle seems to be a good candidate for that
system, and it is widely studied in the last several years. Unlike a
bell-shaped nozzle, the nozzle � ow is not � xed by a wall, but, in-
stead, the exhausted jet is bounded by the external � ow. The plug
nozzle is consideredto havegloballybetterperformancebecausethe
jet boundaryadjusts its shape to an ambient pressure, and the jet ex-
pandsoptimally for the entire conditions(e.g., altitude). In addition,
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the nozzle performance is believed not to be strongly affected by
cuttingoff thenozzlebecausethebasepressurecompensatesthe loss
of the thrust force. These favorable features of plug nozzles were
con� rmed by previous studies,1¡8 but the quantitative discussion
was insuf� cient for the axisymmetric plug-nozzlecon� gurationsas
a result of the limited number of experimental or computational
results.

In thepresentresearchplug-nozzle� ow� eldsare computationally
simulated for the qualitativeinvestigationof the preceding features.
Two parameters, the chamber-to-ambient pressure ratio (PR) and
the length of the nozzle, are systematicallychanged.To validate the
numerical simulations, the results are compared with experiments6

at several PRs. The � ow structures are investigated, and the thrust
performance is evaluated quantitatively.

A study of an optimum nozzle shape is another objective. The
method of characteristics9 is used for the design of the nozzle con-
tour. The performance of the contoured-plug nozzle is compared
with a simple conical plug nozzle.

The effect of the external � ow over the plug nozzle is also inves-
tigated.Pressure ratio and external � ow are systematicallychanged,
and the performance of the pressure thrust produced at the nozzle
surface is discussed.

First, an annular-type conical plug having a Á D 25 deg half-
angle6 is used for the validationof the present computations.Three
values of PRs—6, 15, and 340—are used for the comparison with
experiments. Second, detailed analysis of the plug-nozzle perfor-
mance is carried out using the plug nozzle designed by the method
of characteristics.9 Both the primary nozzle and external expansion
region of the nozzle is designed by this method (Fig. 1, upper half).
The comparisonof the performanceof the truncatednozzles is made
for � ve types of plug nozzles truncated at 20, 30, 40, 50, and 100%
portion of the total plug length (Fig. 2). The contoured nozzle has
a conical portion from the discharge to the intersection of the � rst
characteristic line from the cowl lip. The genuinely conical nozzle
was intentionally created by linearly extending the conical portion
of the contourednozzle (see Fig. 3), and computationswere carried
out to see the performance improvement by the contoured nozzle.
The area ratio (AR) for all types of plug nozzles is set to be the
same. The ARs for the primary nozzle and the whole nozzle are 1.7
and 6.5, respectively. Optimum expansion is achieved at PR D 71
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Fig. 1 Characteristic lines (upper half) and the grid distributions
(lower half).

Fig. 2 Con� gurations of the truncated contoured plug nozzles.

Fig. 3 Comparison of con� guration of the conical and contoured plug
nozzle.

under the assumption that the � ow is isentropic. The PR and the
external � ow Mach number are systematically changed for the in-
vestigation of the effect of the external � ow. The � ow� eld and the
thrust characteristics,at PRs from 5 to 1000, are studied.The exter-
nal � ow Mach number is varied in the range from 0.0 to 3.4. The
Reynolds number is set to 5 £ 105 based on the length between the
plug axis and cowl lip. The pressure is normalized by the sea-level
pressure. Therefore all of the calculated parameters are based on
this nondimensionalizedpressure.

Numerical Method
The basic equations are three-dimensionalNavier–Stokes equa-

tions. The � ow� eld inside the nozzle is computed in advance us-
ing the Euler equations, and the solution gives the � ow condi-
tions at the primary nozzle exit. The convective terms are evalu-
ated by the simple high-resolution upwind scheme,10 which is a
family of advection-upwind-splitting-method type schemes. High-
order space accuracy is obtained using monotonic upwind schemes
for conservation laws for the primitive variable interpolation. The
viscous terms are evaluatedby the centraldifferencing,and the eddy
viscosity is modeled by the Baldwin–Lomax turbulence model11

with the Degani–Schiff correction12 implemented. Only the steady-
state solutions are considered, and the Lower Upper-Alternate
Directional Implicit factorization time-integration algorithm13 is
used. The � ow is assumed to be axisymmetric, although three-
dimensional equations are used for the future studies. Therefore,
three points are distributed in the circumferential direction, and the
solutions at all the three planes coincide at the steady state. The
computational grid for the primary nozzle consists of 201 nodes in
the streamwise direction and 51 nodes from the plug surface to the
outer contour of the primary nozzle. For the external expansion re-
gion the computationalgrid consists of 151 nodes in the streamwise
directionand 151 nodes from the plug surface to the outer boundary
of the computational domain. Figure 1 (lower half) shows the grid
distributionsnear the surface of the 100% plug nozzle.

Computed Results
Comparison of the Experimental and Numerical Results

Figures 4a, 5a, and 6a show the Mach-number distributions (up-
per half) and Mach-numbercontourplots (lower half) for the PRs 6,
15, and 340, respectively.Figures 4b, 5b, and 6b present the nondi-
mensional pressure distributions along the nozzle surface for the
same PRs. The horizontal axis is nondimensionalizedby the length
from the throat to the plug tip along its surface. S D ¡1:0 indicates
the position at the throat, and S D 0:0 indicates the position at the
plug tip.

For a PR equal to 6 in Fig. 4a, the primarynozzle is overexpanded,
and therefore an oblique shock wave from the cowl lip is observed.
The pressure increase caused by this shock wave is observed at
S D ¡0:8 to ¡0.65 in the pressure distribution in Fig. 4b.

Fig. 4a Mach-number distributions (PR = 6).
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Fig. 4b Pressure pro� les on the nozzle surface (PR = 6).

Fig. 5a Mach-number distributions (PR = 15).

Fig. 5b Pressure pro� les on the nozzle surface (PR = 15).

In Fig. 5a � ow separationcan be observed as a result of the over-
expansionalong the nozzle surface.The � ow does not reattach to the
nozzle surface after the separation. From the pressure distributions
in Fig. 5b, the � ow expands until it reaches S D ¡0:63. An abrupt
pressure increase is caused by a separation shock wave.

In Fig. 6a strongexpansionof the jet from thehigh PR is observed.
The trailingshock from theplug tip is formedby the � owinteraction.
From the pressure distributions in Fig. 6b, no separation occurs,
and the pressure decreases smoothly. The slight pressure increase
observed at S D 0:0 is caused by the trailing shock wave.

Fig. 6a Mach-number distributions (PR = 340).

Fig. 6b Pressure pro� les on the nozzle surface (PR = 340).

The pressure distributions in the experiment6 are also plotted in
Figs. 4b– 6b. The computed results agree well with the experiment
for all of the three PRs.

Flow Structures for the Various Pressure Ratios

The following discussion is made for the contoured plug noz-
zles. Figure 7 shows the pressure distribution (upper half) and the
Mach-number contour plots (lower half) for the 100% plug nozzle
at the design PR of 71. The pressure contours agree well with the
characteristic lines shown in Fig. 1 (upper half). Because the PR is
at its design point, the outer jet boundary is parallel to the plug axis
(as shown in the Mach contour plots in Fig. 7 lower half), and the
� ow is at its optimum expansion.

Figures 8–10 show the Mach-number contour plots of the 20%
(80% truncated) plug nozzle at the PRs 9, 71, and 500, respectively.
In Fig. 8 the jet boundary becomes narrow as the PR of 9 is lower
than the designpoint and the ambientpressurepresses the jet bound-
ary towards the nozzle surface.The jet also does not expandso much
at the truncated portion on the plug, and the separation � ow from
the corner forms relatively large wake region compared with the
� ow� elds of higher PRs at the base region. In Fig. 9 the outer jet
boundary is not disturbed by the truncation of the nozzle, and the
outer boundary of the jet � ow is parallel to the axis. The trailing
shock can be observed downstream of the base region because the
jet expands at the truncated portion of the nozzle and converges at
the axis. In Fig. 10 strong expansion of the jet caused by the high
PR can be observed.A trailing shock wave is observed by the same
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Fig. 7 Contour plots of pressure (upper half) and Mach-number
(lower half) distributions ( PR = 71).

Fig. 8 Mach-number distributions (PR = 9).

Fig. 9 Mach-number distributions (PR = 71).

Fig. 10 Mach-number distributions (PR = 500).

Fig. 11 Proportion of the thrust for each truncated nozzle at the PR
of 500.

reason as in Fig. 9. In Figs. 8–10 the expansion boundary re� ects
the ambient pressure (PR effect). The capability of the plug nozzle
to accommodate with the ambient pressure (altitude compensation)
can be clearly observed.

Effect of Truncating the Plug

The effect of truncating the plug can be evaluated by the compar-
ison of Fig. 7 (lower half) and Fig. 9 (lower half). For 100% nozzle
the � ow follows the nozzle wall and smoothly moves to the wake
region.On theotherhand,for the truncatednozzle the � ow separates
at the trailing edge and expands. The resultingshear longer induces
the trailing shock wave when it convergesand turns the � ow parallel
to the axis.

Analysis of the Thrust Performance

Figure 11 shows the portion of the thrust produced by each com-
ponent of the plug nozzle at the PR of 500. When the plug is trun-
cated, the nozzle length becomes shorter, and the ramp area for
the nozzle decreases. Therefore the pressure thrust produced at the
ramp reduces. On the other hand, the thrust generated by the base
pressure increases as a result of the increase of the base area. It
compensates the total thrust loss caused by the decreaseof the ramp
pressure thrust. Accordingly, the total nozzle thrust becomes almost
the same for any nozzle truncation.

Investigation of supersonic base � ows for the axisymmetric
backward-facing step con� gurations provides valuable informa-
tion for the estimation of the base pressure and resultantly for
the prediction of thrust performance of truncated plug nozzles. To
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con� rm the reliability of the present simulations, backward-facing
step � ow� elds used in Ref. 14 are computed by the same code as is
used in the present paper. Although the result is not shown here, the
averaged base pressure agreed well with Paciorri’s computational
result14 obtained with the Spallart–Allmaras turbulence model.15

Both the numerical results underpredict the base pressure roughly
50% compared to the experimentsby Sykes,16 Herrin and Dutton,17

and Seiling and Page.18 As the base pressure of the plug nozzle
might be underestimated in the present study, the contribution of
the base pressure might be larger but never be smaller to the total
thrust.

Figure12 shows theCF of the 20% plug nozzleplottedagainst the
PR. The solid line denotes the ideal CF , and the dashed line denotes
the theoretical CF of the bell nozzle with the same PR as the plug
nozzle.It is the theoreticalvaluethat canbe achievedwhenoptimum.
In the low-PR region the bell nozzledoes not produceas much thrust
as the plug nozzle. That is the reason for higher performanceof the
plug nozzle at low PRs (lower altitudes). Qualitatively, CF of the
plug nozzle have the same trend as the ideal CF , which indicates
that the plug nozzle operates at nearly peak thrust ef� ciency in the
wide range of the PR than the classical bell nozzle.

Figure 13 shows the averaged base pressure for the 20, 30, 40,
and 50% plug nozzle plotted vs various PRs. This � gure is plotted
under the assumption that the vehicle’s chamber pressure is con-
stant during the ascent and � ve times higher than the atmospheric
pressure at the sea level. The solid line shows the ambient pres-
sure, which decreases as the PR or the altitude becomes higher. At
the low altitudes (e.g., low-PR region) the base pressure linearly
decreases as the ambient pressure decreases. In this region the jet
does not converge, and the base region is opened to the external

Fig. 12 Relation of the CF to the PR.

Fig. 13 Relation of the base pressure to the PR.

environment.Therefore, the base region is in� uenced by the exter-
nal environment, and the pressure on the base quantitativelyequals
the ambient pressure. The pressure thrust that is produced by the
pressure differencebetween the environment and the base becomes
small at low altitudes.

On the other hand, at high altitudes the pressure on the base
becomes constant despite the variation of the altitude. In the high-
PR region the jet expands and converges downstream on the axis.
Therefore the base region is closed, and the base pressure becomes
independent from the external conditions. As the altitude becomes
higher, the ambient pressure decreases, and the difference between
the base pressure and the ambient pressure increases.Therefore the
base pressure thrust increases.

Comparison of the Nozzle Shape

Figure 14 shows the comparison of the pressure thrust of the
contoured plug nozzle and the conical plug nozzle. The contoured
plug nozzle has a higher performance than the conical plug nozzle
for all of the PRs.

Figure 15 shows the pressurethrust differencebetweencontoured
plug nozzle and conical plug nozzle. As the PR becomes higher, the
thrust difference increases almost linearly. The advantage of the
contouredplug nozzle over the conical nozzle becomes remarkable
as the altitude increases.When using the contourednozzle, roughly
5–6% thrust improvementcan be achieved.The reasonfor the thrust
improvement can be found in Fig. 16, where the pressure distribu-
tions along the nozzle surface at the PR of 500 are plotted. The
contoured nozzle produces higher pressure at the radial distance of
Y D 0:3–0.7, which contributes to the thrust increase. Although the
conical plug nozzle has a higher pressure at the tip of the plug, the
area and the producedpressurethrust are small. The high pressureat
the tip of the conicalplug nozzleis causedby the trailingshockwave
formed by the interactionof the � ows. From Fig. 17 � ow separation

Fig. 14 Pressure thrust produced at the ramp (100% plug nozzle).

Fig. 15 Relation between contoured and conical nozzle (100% plug
nozzle).
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Fig. 16 Pressure distribution on the plug surface (100% plug nozzle).

Fig. 17 Mach-number distribution on conical nozzle (PR = 500).

can be observedat the plug tip. The interactionof the boundarylayer
over the plug surface and the trailing shock wave induces the � ow
separation on the plug region and creates a high-pressure region
near the tip of the conical nozzle.

Effect of the External Flow on the Nozzle Surface

Figures 18 and 19 show the comparison of the Mach-number
distributions on the 100% contoured plug nozzle with and without
the in� uence of an external � ow. The PR is 500, and the exter-
nal � ow Mach number is 3.4. In Fig. 18 oblique shock wave is
observed downstream of the boat-tail portion. The shock wave is
formed by the interaction between jet plume and the external � ow.
At the boat-tail region a locally higher Mach-number region is ob-
served. The external � ow expands at the boat-tail region and forms
a low-pressure area. The nozzle � ow locally expandsmore strongly
becauseof the local low ambient pressure, and the local Mach num-
ber becomes higher. The existence of the external � ow also causes
the barrel shock to be more inclined toward the axis.

Figure 20 shows the pressure distributionalong the vehicle to the
plug tip. S is the distance from the front tip of the vehicle and is
nondimensionalized by the length between the axis and cowl lip.
S < 32:8 corresponds to the vehicle region, S D 32:8–33.65, to the
boat-tail region and S < 33:65, to the nozzle surface extendingfrom
the dischargeto theplug tip.As was discussedin Fig. 18, the external
� ow expands at the corner of the vehicle and forms a low-pressure
region at the boat-tail region (S D 32:8–33.65). If the external � ow
is not considered, the pressure in this area is constant and equals
the external pressure. For the discharge and the plug-nozzle region

Fig. 18 Mach-numberdistributionwith external � ow (PR = 500 exter-
nal mach number 3.4).

Fig. 19 Mach-number distribution without external � ow (PR = 500).

Fig. 20 Pressure distribution along the vehicle body surface.
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(S > 33:65) there is no difference in the pressure distribution, and
thereforethe pressurethrust producedat the nozzle surface is almost
the same in both the cases. The pressure distributions with and
without the external � ow on the nozzle surface become the same
as long as the barrel shock emanating from where the jet boundary
and the external � ow interact each other does not impinge on the
nozzle surface.The last characteristicline emanating from the cowl
lip reaches the plug tip at the designed point (PR D 71). When the
external � ow exists, the jet expands to the local low-pressure region
at the boat tail and makes the last characteristic line (which leads to
the barrel shock wave) to impinge further downstream of the plug
tip. This shows that the external� ow does not in� uence the pressure
distributions on the nozzle surface when the PR is higher than the
designed point.

Conclusions
The � ow structure and the performance of the plug nozzle are

numerically investigated. The results clearly showed the main ad-
vantages of the plug nozzle. The thrust is close to the theoretical
value at the entire altitude and almost insensitive to truncation of
the nozzle length. Thrust reduction caused by the cut of the nozzle
is compensated by the thrust gained by the base pressure. It has
turned out that the base pressure is equal to the ambient pressure at
low altitudes (e.g., low chamber-to-ambient PRs), and it does not
produce thrust, while it takes almost constantvalue at high altitudes
(e.g., high chamber-to-ambient PRs) and contributes to the total
thrust. The external � ow over the plug nozzle does not in� uence the
pressure distributions over the plug surface when the PR is higher
than the designed point. The pressure thrust produced at the nozzle
surface is not altered whether the external � ow is consideredor not.
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