
JOURNAL OF PROPULSION AND POWER

Vol. 17, No. 6, November–December 2001

Optimal Design of Plug Nozzles and Their
Thrust Determination at Start

A. N. Kraiko,¤ N. I. Tillyayeva,† and S. V. Baftalovskii‡

Central Institute of Aviation Motors, 111250, Moscow, Russia

The design of altitude compensating two-dimensional plug (spike) nozzles, which provide maximum thrust in
vacuum, is performed for given values of plug length, “half maximalcross section,” and other parameters. The plug
is optimallyadjoined to the base or to the contour of the turbopump nozzles, turbonozzles, replacing part or of the
entire base. At takeoff the thrust of the con� gurations considered is determined accounting for the boundary-layer
separation initiated by the supercritical pressure ratio at the intersection point of the suspended shock with the
plug. Computation of separation is performed by using the empirical dependence of the “critical” pressure ratio
on Mach number.

Nomenclature
a = sound velocity
HY = half-base cize
h = primary nozzle throat height
k = speci� c heat ratio
L = relative length, L D X=Y
M = Mach number
m = � ow rate
p = pressure
pC = base pressure
R = gas constant
R = thrust
T = temperature
V = velocity vector, V D jVj
X = plug length
x; y = Cartesian or cylindrical coordinates
Y = half maximal cross-sectionplug
® = Mach angle, sin ® D 1/M
# = velocity angle to the x axis
º = 0 (1) in two-dimensional (axisymmetrical) case
½ = density

Subscripts

a; b; : : : = in points a, b,. . .
st = stagnation parameter
t = turbopump gas
0 = prime nozzle
* = critical value

Introduction

T HE quest for reusable launch vehicles (RLVs) brought to light
the problem of two-dimensional plug nozzles.1;2 The optimal

designand thrust determinationforplug nozzles in off-designcondi-
tions became topical. Besides setting up the conditions for the en-
gine’s operation, dimensions, etc., additional requirements must be
considered to design a complete vehicle. Thus, vehicles require not
only a basic plug nozzle but a turbonozzle (TN) as well. Maximum
thrust in vacuum must be provided by both optimally conjoined
nozzles. If the aircraft � ight in space and takeoff are enabled by
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the same engines, the nozzle must be altitude compensating. This
speci� es the choice of a plug nozzle con� guration with an incline
to its plane of symmetry.

In a RLV the maximum cross section of the aircraft is de� ned by
the distance between two rows of the liquid-propellant rocket en-
gines (LPRE) located on both sides of the plug. The plug length is
comparablewith the maximal cross-sectionsize. The bene� t of this
construction is discussed in Refs. 3 and 4. Kraiko and Pudovikov
show that at hypersonic � ight speed for given aircraft volume and
relatively small length minimum drag is achieved by the con� g-
uration having a base, located after the maximal cross section of
aircraft. For LPREs placed in the afterbody, rigid limitations on
the nozzles’ block length results in a big plug base. The optimal
base size increases with the base pressure pC. The latter can be in-
creased by bleeding the � ow from the turbopump (“turbogas”) and
a certain amount of � ow directed from the main engines (in Ref. 1
it is speci� ed as 1%) through the base. Nevertheless, even when
pC D 0 the system providing maximal thrust for the conditions de-
scribed has a base. Its size is de� ned by the so-called “Busemann
condition.”5 This condition also de� nes optimal conjunction of the
plug and TN contours.They both are designedby means of the solu-
tions of “external” and “internal” variation problems of supersonic
gasdynamics.5 Finding a solution to the mentioned problems has a
long history in Russia,only partiallyknown in the West. This history
is summarized next.

Most of the widely used results concerningthe derivationof nec-
essary conditions for the determination of optimal nozzles shapes
were obtained by means of the control contour method (CCM).
The � rst to implement a transfer to characteristical control con-
tour (CC) was Nikolskii.6 In 1950 he solved the problem of fore-
and afterbody design for ducted bodies, which display minimal
wave drag at supersonic � ow, using linear approximation. In 1955
Guderley and Hantsch,7 independently, used a transfer to charac-
teristical CC for solving the maximal thrust design problem of
supersonic parts of two-dimensional and axisymmetrical nozzles
in its accurate formulation. For an irrotational (homogeneous in
stagnation parameters) � ow the desired optimal contour must pro-
vide the maximal nozzle thrust R at given subsonic nozzle contour
to the left from point a (Fig. 1a), the supersonic section length
X , and the endpoint of nozzle ordinate Y or external pressure
pC . If there are no constraints on contour’s curvature, it shows
a discontinuous slope in point a, over� owed with formation of
C¡-characteristics rarefaction waves fan. In CCM the problem of
the optimal contourab design is reduced to a one-dimensionalvari-
ational problem of the optimal CC-characteristiccb determination.
When sections of the closing C¡ characteristic of the fan ac and
the optimal CC characteristic cb are determined, the contour ab is
designed as a streamline from the corresponding Gursat’s problem
solution.
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a) e)

b) f)

c) g)

d) h)

Fig. 1 Schemes of optimal con� gurations and � ows.

In Ref. 7 the design of optimal CC-characteristiccb was reduced
to the solutionof a boundaryproblemfor ordinarydifferentialequa-
tions with given boundary conditions in points b and c. Besides, it
was established that � ow parameters are constant on cb for optimal
two-dimensional nozzle, and at un� xed ordinate yb the same con-
dition for two-dimensional and axisymmetrical cases is satis� ed in
point b. This condition for determining yb is named as Busemann’s
condition (BC) in Ref. 7. BC for the problem discussed named fur-
ther as an internal one and an analogous condition for a further
discussed external problem take the following form:

P§
b§ ¡ pC D 0

P§ D p § ½V 2 tan ® sin # cos #

D p

³
1 § · M2

2
p

M 2 ¡ 1
sin 2#

´
(1)

Here the second expression for P§ is written for a perfect gas, b§
is the contour’s endpoint, and gas parameters are marked with the
index b§ to the left from point b§ on the section, over� owed by a
supersonic � ow. Upper (lower) signs and indexes correspond to the
internal (external) problem.

In 1957 Shmyglevskii8;9 integrated the just-mentionedboundary
problem(see also later publicationsin Refs. 10 and 11) and obtained
two � nite relations for determination of parameters’ distributions
on the optimal characteristic cb. These relations were written in
Refs. 8–11 for a perfect gas with a constant ratio of speci� c heat k.
In the same year Sternin12 obtainedanalogousrelationsfor arbitrary
two-parameter gas using the same technique. For two-dimensional
and axisymmetrical cases those relations take the following
form:

V cos.# ¡ ®/=cos ® D const; yº½V 2 sin2 # tan ® D const
(2)

The preceding formulas � rst obtained in Ref. 12, were published
in the periodical scienti� c press only in the beginning of 1959.13 A
bit earlier, in the end of 1958, Rao14 published the same results. In
his CCM cb was not assumed to be a section of CCcharacteristic
from the very beginning. This circumstance led to the criticism15

that the � nal result in Ref. 14 was casual because it was obtainedby
means of a erroneousmethod.Later, arguablyas a result of that criti-
cism,Rao revised thework.16 The approachesof Refs. 9 and10 were
practically repeated for solving the problem, differing only in the
solution “guessing” and in a series of incorrectly presented details
(the latter are discussed in the Russian translation.17 . A noncontra-
dictional interpretationof “noncharacteristical” CCM version5 was
given in 1979 by one of the present report’s authors. This versionof
the method, named in Ref. 5 as inde� nite control contour method
(ICCM), provides nowadays the most simple way for obtaining the
necessary optimal conditions in problems, which admit transfer to
CC.

In Refs. 8–10 Shmyglevskii considered, along with irrotational
� ows with constant stagnation parameters, a case where those pa-
rameters are not constanton differentstreamlinesat the nozzle inlet.
In 1959 Guderley18 made an analogousgeneralizationfor a gas, in-
signi� cantly differing from perfect. Generalization for an arbitrary
two-parametric gas, which leads to the second formula from Eq. (2)
also, holding true for a rotational (unhomogeneous in stagnation
parameters) � ow, is given in Ref. 19. Optimal solutions with con-
tinuous parameters’ distributions on the characteristic f cb gained
the name of “continuous.”

In 1961 Sternin20 found out that the continuous solutions can
be designed not in any choice of point c of the initial rarefaction
wave fan. After that, in 1962 Shmyglevskii obtained the neces-
sary conditions of maximal thrust in the form of inequalities. For
thesecaseshedesignedthe“discontinuous”optimalsolutions21 with
C¡characteristics focusing in point c (Fig. 1b where ach and lcm
are the compressionand rarefaction fans, cn is the shock wave, and
ct is the slip line, respectively). In further investigations10;19 of dis-
continuous solutions, it was established that the same conditions
as for continuous solutions hold at cb [relations (1) for irrotational
� ows], and two more conditionsof transversalityappear in point c.
The investigationsabout the design of maximal thrust conventional
nozzles supersonic parts have been completed in Ref. 22. Particu-
larly, in this investigationa special role of the base bg, where x D X
is emphasized. When apart from X , a Y ordinate of the contour
endpoint is given, then the base can appear as a section of boundary
extremum caused by limitations of the maximally permitted nozzle
length. The base bg with yb < yg D Y is not over� owed by the su-
personic � ow, and the value yb is determined by the BC. Included
in BC the base pressure pC , acting on the base, is supposed to be
given and independent from the form of the section ab.

Occurance of a base in an isolated nozzle’s optimal contour at
given X and Y evidences that the given ordinate Y is overdimen-
sioned and needs reduction. This is the reason why the introduc-
tion of a base in the problem discussed seems arti� cial to some
extent. To the contrary, con� gurations with a base, being a section
of a boundary extremum, are not only natural, but even typical23;24

when the nozzle and vehicle’s outer contours are designed jointly.
It will be further shown that a base is a rather widespread element
of optimal contours of altitude-compensatingplug nozzles.

The just discussedvariationalproblems of supersonicgasdynam-
ics gained the name of internal. In 1957 Shmyglevskii8;9 solved
analogous external problems for rotational and irrotational � ows of
a perfect gas at the same time as the internal ones (see also Refs. 9
and 10; generalization for an arbitrary two-parametric gas is given
in Ref. 19). The difference between the external and internal prob-
lems is caused by the fact (Fig. 1c) that supersonic � ow is limited
by the contour ab from below in the external problems and from
above- in the internal ones. According to this fact, cb is here a sec-
tion of C¡characteristic. Instead of Eq. (2) the following relations
are satis� ed on cb:
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V cos.# C ®/=cos ® D const; yº½V 2 sin2 # tan ® D const
(3)

The � rst expression holds true only for irrotational � ows. The ex-
pressions (3) were obtained by Rao in 196125 just for irrotational
� ows when solving the optimal design problem of nozzle with a
plug. But con� gurations, considered by Rao as well as in Refs. 26
and 27 in its approximate formulation, had no slope discontinuty in
the plug’s contour. They form a narrow class of nozzles, which are
optimal only in speci� c situations. In the general case the designed
and given sectionsof the plug’s contourare conjoinedwith a discon-
tinuous slope or with a section of maximal acceptable (in absolute
value) curvature. Previously, such con� gurations were considered
in Refs. 28 and 29. In Ref. 28 the upper-wall supersonic section
a±b± of a given length was designed along with a plug (Fig. 1d).
This example demonstrates using expressions (2) and (3) for a sin-
gle device optimal design. The same opportunity is used further in
a slightly different way.

The review of solving the supersonic gasdynamics variational
problems in their accurate formulations is not complete. Addi-
tional information on the results, obtained up to 1979, can be found
in review30 and monograph.5 Among other subjects, the develop-
ment and applicationof the generalmethod of Lagrange multipliers
(MLM)31 and nozzles’ design for nonequilibrium and two-phase
� ows are considered.5 After 1979 new results were obtained, for
example, on designing nonsymmetrical two-dimensional nozzles,
for which ICCM allows incorporatingin the problemnot only thrust
but also lift and momentum.32;33 Signi� cant progress is achieved in
solving the design problem of the whole nozzle, not only of its su-
personic section.34 An exhaustiveanalysis is carried out for optimal
leading sections, over� owed with an attached shock wave.35 The
problem of designingnonconventionalnozzles with big turn angles
of supersonic � ow36 is solved in terms of MLM.

Results
As just mentioned, for a general case the supersonicplug contour

adjoins to the primarynozzle contourwith a discontinuousslope (or
with a section of maximally permitted curvature). The over� ow of
thediscontinuousslopecontour(Fig. 1e) is accompaniedbya forma-
tion of CC-characteristicsrarefactionfan. As a result, the � ow accel-
eration is realized not in one fan around an inclined outer lip, but in
two expansion fans. It allows designingoptimal plugs of any length
and degree of expansion at initial � ow angles #0 < 0. The designed
initial section of optimal plug and primary two-dimensionalnozzle
with a uniform � ow on its exit are shown in Fig. 2 togetherwith CC-
and C¡-characteristicsfans, startingfrom the plug slopediscontinu-
ity point and from the primary nozzle lip. This example corresponds
to X D 270 and Y D 100. Here and further the lower pointa of the in-
clined throat aa± of the equivalent two-dimensionalprimary nozzle
(which in RLV results from uniting axisymmetric nozzles of 49 lin-
early locatedLPREs) lies on the y-axis of Cartesian coordinatesxy,
and its height h is taken as the length scale. Here the speci� c heat ra-
tioof theprimarygask0 D 1.2, its stagnationpressure pst0 D 160atm,
the inclination angle of speed vector to the x axis and Mach num-
ber on the exit of the primary nozzle are the following: # ´ #0 D
¡45 deg and M ´ M0 D 2.5. The x axis lies in the plug plane of
symmetry.

Fig. 2 Primary nozzle, initial part
of optimal plug, and characteristics
fans.

When the plug and TN are designedtogether,not only the primary
gasparametersbut alsokt ; .pst/t=pst0; .RTst/t=.RTst0/ andm t =m are
speci� ed:

kt D 1:37; . pst/t=pst0 D 0:0158

.RTst/t=.RTst0/ D 1:179; m t=m D 0:0417

The optimalplugcontouror, moreprecisely,optimaldistributions
of parameters on the section cb of C¡-characteristic b±b in Fig. 1e
and the ordinate value of point b or bC are found by solving the
externalvariationalproblem of supersonicgasdynamics.According
to this solution, maximal thrust is provided by constant parameters
on cb.

End plug point bC may not coincide with the end point b¡ of
TN contour, as shown on Fig. 1f. In that case ybC and yb¡ are deter-
mined by the Busemanncondition(1) with a correspondingsign and
index. Base pressure pC included in conditions (1) is considered to
be known and independent from the plug and TN contours shapes.
In fact, it is not so for a base, over� owed on both sides by super-
sonic � ow, which is formed by the plug and TN. It is not essential,
however, at X D 270; Y D 100 and chosen parameters on the exit
of the primary nozzle and TN. Under these conditions and pC <
max (pbC; pb¡ ) the ordinate value ybC is smaller than ordinate yb¡.
Therefore, a con� guration without a base is optimal, and the value
of ybC D yb¡ D yb is determined by the equality: PC

bC D P¡
b¡; where

P§ are taken from Eqs. (1).
Under the conditions discussed and TN lengths being X t D 12,

21, 25, and 42, four con� gurations were designed, providingmaxi-
mal thrust in vacuum. Contours of one of them are shown in Fig. 3,
where x and y scales are different.

To determine the capacityof the designed con� gurations to com-
pensatefor additionalthrust lossesat off-designaltitude, their thrust
at start was calculated. For this purpose the initial section of the
primary nozzle supersonic jet before the section i i o (Fig. 1g) was
calculated at external pressure pe D 1 atm by the method of char-
acteristics. Then the calculation was made according to the decay
monotonousmarch scheme of shock-capturingcomputation for su-
personic � ow37 . The authors considered the second-order approx-
imation; however, the use of the � rst-order scheme for two grids
with consequentRichardsonextrapolationon zero step proved to be
more convenient.

The � ow for one of the designedplugs at start is shown in Fig. 4a.
In thispicturethe Mach numbers � eldand the discontinuityof the jet
boundaryslope reveal the existenceof a suspendedshock, re� ecting
from the plug at x ¼ 92, and a rarefaction fan, starting from the
point,where the shock,re� ected fromplug,meets the jet’s boundary.
The shocksare drawn with double lines in Fig. 1. In this example the
pressureratio in the pointwhere the suspendedshockmeets the plug
exceeds the critical one, which is calculated for turbulent boundary
layer by the empirical formula38:

pcr=p D 1 C 0:2k M2=.M2 ¡ 1/
1
4 (4)

Fig. 3 Contours of primary nozzle, optimal plug, and turbonozzle
(L = 2.7).
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a)

b)

Fig. 4 Mach-number distributions in jet (L = 2.7, a-unseparated
regime, b-separated regime).

Here M and p are the values before the shock, and pcr is the crit-
ical pressure value on the shock. This means that instead of an
attached � ow, resulting from the ideal-gas approximation, a more
complicated � ow with separated zone is observed. At � rst sight
Reynolds equations with corresponding closure equation are nec-
essary to compute this � ow. Such closure equations, however, are
actually not more reliable than formula (4) for separations induced
by interaction of shocks with a turbulent boundary layer. It will be
demonstratedfurtherthat this formula allows to determinetheplug’s
contribution into the thrust with a rather high precision.

The separated � ow scheme, taking place in such a case, is shown
in Fig. 1h, where ehg is the separated zone boundary, t f the sus-
pended shock, and e f the shock on which the critical pressure ratio
determined by formula (4) is observed in the point e. In terms of
the scheme in Fig. 1h, the same pressure is observed in the sepa-
ration zone under the streamline ehg. Hence, this leaves only one
uncertainty for the calculation of the separated � ow, which is the
coordinate of point e on the plug. To avoid it, the experimental
dependency38¡40 analogous to Eq. (4) can be used for nondimen-
sional “separation distance” (xo ¡ xe/=±¤

o computation. In this de-
pendency all parameters, including the displacement thickness of
boundary layer ±¤

o , are taken in point o, where the suspended shock
meets the plug for its attached � owing by the ideal gas. The calcu-
lation of a boundary layer in the accelerating � ow primary nozzle
and on a plug before the point o is not a problem. Nevertheless, it
also proved to be unnecessaryfor determiningthe nozzles’ thrusts at
off-design conditions.The accuracy of such a conclusion is proved
by comparison of thrust determined by formula (4) for xe D 75, 80,
85, and 90 at xo ¼ 92.

Computational characteristics are shown in Table 1, Fig. 4b and
Fig. 5. The � rst column in Table 1 outputs the “nozzle name,” num-
ber, its operational regime (“v”in vacuum, “e”on Earth), and value
xe (numbers 75, 80, and 85; their absence means that the � ow is
attached). Figure 4b correspondsto the separated� ow at xe D 75. In
Fig. 5 solid curves represent pressure distributions along the plug
for the attached � ow and other curves for the separated � ow. The
separation zones size on them is determined by the length of hori-
zontal parts. Figures 4 and 5 demonstrate that the choice of the point
e position on the plug has a great in� uence on the � ow picture and

Table 1 Plug nozzles characteristics for L = 2.7

NN yb R Rt 10 R6 Rid1 1R1 Rid2 1R2

1v 10.8 2.8579 0.998 2.9577 3.4335 13.9 2.9702 0.4
1e 10.8 2.4551 0.551 2.5102 2.5584 1.9 2.5584 1.9
1e 80 10.8 2.4557 0.551 2.5108 2.5584 1.9 2.5584 1.9
2v 9.7 2.8589 0.988 2.9576 3.4335 13.9 2.9702 0.4
2e 9.7 2.4524 0.551 2.5075 2.5584 2.0 2.5584 2.0
2e 85 9.7 2.4534 0.551 2.5085 2.5584 2.0 2.5584 2.0
2e 75 9.7 2.4536 0.551 2.5087 2.5584 1.9 2.5584 1.9
3v 9.1 2.8598 0.980 2.9578 3.4335 13.9 2.9702 0.4
3e 9.1 2.4519 0.551 2.5070 2.5584 2.0 2.5584 2.0
3e 80 9.1 2.4531 0.551 2.5082 2.5584 2.0 2.5584 2.0
4v 7.4 2.8606 0.956 2.9562 3.4335 13.9 2.9702 0.5
4e 7.4 2.4490 0.551 2.5041 2.5584 2.1 2.5584 2.1
4e 80 7.4 2.4484 0.551 2.5035 2.5584 2.1 2.5584 2.1

Fig. 5 Pressure distributions along the plug (L = 2.7) at start.

the distribution of p. Nonetheless, as can be seen from the Table 1,
the thrusts values R and R6 D R C Rt are practically independent
from the separationzone’s size. Here R is the sum of x components
of the primary nozzle’s thrust and the acting to plug pressure forces
integral.By virtue of formula (4) and becauseof the � ow separation
immediately after the angle discontinuity point in TN’s throat, the
optimal TN operates at start practically without overexpansionand
related with it losses Rt . In Table 1 the values of ideal thrust (Rid )
and the losses of R6 in percents (1R), correspondingto gas expan-
sion up to external pressure (or area Y ), are marked with index 1 (2).
Thrusts R, Rt , and R6 are given for half of devices and are scaled
by ½¤a2

¤h, with dimensional values of critical density ½¤ and critical
speed a¤ on the entrance to the primary nozzle and its dimensional
throat size h.

Unlike the results just presented for a long plug (L D 2.7), the
following examples correspond to an RLV with a short plug. The
peculiarity of the engine is the base, where size 2yb is comparable
with X and Y . A big base results when the value of L has an orderof
one. Then for acceptable values of #0 and M0 for primary nozzles,
the condition (1) leads to the difference of ordinates ya± ¡ yb < Y
even at pC D 0. Thus, for cases just considered determined by the
difference ya± ¡ yb an optimal expansionratio of the plug for pC D 0
equals 112. That is why the optimal plug will have a base when
L D < 270 =112 ¼ 2:4: For pC > 0 the optimal base size exceeds
thecorrespondingvaluefor pC D 0. Really pC > 0 evenduring� ight
throughthe vacuumcausedby partial “screening”of the base region
by supersonic � ows over� owing the plug and caused by the in� ow
of turbogas and of a small amount of primary engine gases. The
incompleteness of screening is caused by the existence of the side
boundaries in the base region. Gas out� ow into the surrounding
space reduces pC and, at the same time, makes the problem of
accurately determining pC more complicated.

In the RLV1;2;41 L ¼ 1.35. Because of the lack of a certain infor-
mation on other parameters, three values of h were chosen. They
correspond to minimum, maximum, and intermediate values of h
within the limits of available data about the RLV . For these h val-
ues the following plug lengths and half-maximal crosssection in
ascendingorder of h were obtained: X1 D 368, Y1 D 273; X2 D 279,
Y2 D 207; and X3 D 233, Y3 D 173. Further, the characteristics of
corresponding con� gurations are marked with indexes 1, 2, and 3.
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Optimal plug contours,designedfor pC D 0, have relativebase sizes
H1 D 0.47, H2 D 0.44, and H3 D 0.43, where H is scaled by Y . The
base size in the RLV is smaller (H D 0.37) in spite of the intentions1

to obtain comparatively high values of pC at the expense of gas
in� ow into the base region. The H values just presented slightly
decrease with the increase of h. The change of M0 from 2.5 to
2 has also a small in� uence, and H1 at such a change increases
up to 0.48. Solely as a result of gasdynamic thrust optimization in
RLV, the base size is undervalued.Perhaps the decrease of H pro-
vides a higher pC, reducing the gas leakage from the base region
through its side boundaries. A strong relation of pC and the base
size during the injection into the base region leads to such a mod-
i� cation of the Busemann condition19 that it will give a smaller H
than obtained in Eqs. (1). Independently,according to Refs. 39 and
40, the optimization not by thrust but by its relation to the device
weight leads to a signi� cant reduction of the size and the weight
of the base (in Refs. 41 and 42 by 9.4% and 18.7%, respectively)
at almost constant thrust (within 0.1%). It seems that this is ex-
actly what caused a value of H in RLV, smaller than the one just
obtained.

Contours of three plugs are shown in Fig. 6, where x± and y±

are coordinates x and y scaled by X . The distribution of p along
one of the plugs at start is shown in Fig. 7, analogous to Fig. 5,
and characteristics of all designed con� gurations are gathered in
Table 2, analogous to Table 1. Despite the noticeable difference in
plugs’ lengths and expansion rates, the values of R proved to be
similar for all cases.

Table 2 Plug nozzles characteristics for L ¼ ¼ 1:35

NN X Y yb R Rid1 1R1 Rid2 1R2

1v 367.6 272.5 127.8 2.8901 3.3156 12.8 2.9673 2.6
1e 367.6 272.5 127.8 2.4301 2.5030 2.9 2.5030 2.9
1e 80 367.6 272.5 127.8 2.4215 2.5030 3.3 2.5030 3.3
1e 90 367.6 272.5 127.8 2.4265 2.5030 3.1 2.5030 3.1
2v 279.0 207.2 92.4 2.8693 3.3156 13.5 2.9459 2.6
2e 279.0 207.2 92.4 2.3949 2.5030 4.3 2.5030 4.3
2e 90 279.0 207.2 92.4 2.3942 2.5030 4.3 2.5030 4.3
3v 233.4 173.0 73.9 2.8551 3.3156 13.9 2.9309 2.6
3e 233.4 173.0 73.9 2.4456 2.5030 2.3 2.5030 2.3
3e 90 233.4 173.0 73.9 2.4473 2.5030 2.2 2.5030 2.2

Fig. 6 Optimal contours of short plug (L ¼ ¼ 1:35).

Fig. 7 Pressure distributions along the plug (L ¼ ¼ 1:35) at start.

Rather higher values of 1R1 at start and 1R2 at all regimes are
observedfor these con� gurations,but like in Table 1 R is weakly re-
lated to the separationpoint coordinateand to signi� cantly different
attached and separated p distributions along the plug. Even when
the small injection throughout the base exists at start, the ejecting
effect of primary jets will cause a rarefaction in the base region
(pC < pe ) and additional losses. To the contrary, the contributionof
a nonzero pC into the thrust in vacuumwill be positive.This is what
the designers of RLV probably count on.

To get an estimate of the effect caused by pC > 0, we will present
the values of Mb , pb , and #b for one of the plug in Fig. 6. They
are the following: Mb1 D 4.8, pb1 D 0.0011, and #b1 D ¡9:9±. If we
convert from these values to the equivalent ones,43 corresponding
to #b D 0, we will have M 0

b1 D 4.3, p0
b1 D 0.003. In the real jet cross

section x D xb the greater is the distance from the point b, the Mach
numbers and # increase, and the pressuredecreases.Accordingly,43

such nonuniformity reduces pC in comparison with the value, ob-
tained for a uniform � ow with M ´ Mb; p ´ pb; and # ´ #b .
A signi� cant decrease of pC should be expected also because of
the just-mentioned side out� ow from the base region. For a � ow
with # ´ 0 and M ´ M 0

b ¼ 4 without side out� ow from the base
region,41 pC D .0:15 ¥ 0:2/p0

b1. If pC D 0:1p0
b1 is taken, accounting

for the pC just listed reducing effects, then ÂC ¼ 0:04 is added to
the vacuum thrust for the designed con� gurations. This will cause
a 1% reduction of 1R1 . It must be, however, taken into consider-
ation that in RLV1 the plug width equals only to seven heights of
its base. At such base region height and width the in� uence of the
side out� ow with a close-to-sonicspeed can be rather strong. In any
case, when the values of pC are different from 0:1p0

b1 the presented
data allow easily the recalculation of the base contribution into R,
1R1; 1R2 . Accurate determination of vacuum thrust for con� gu-
rations with a big base requires the consideration of the in� uence
on base pressure of the side out� ow from the base region, and also
a taking into account the possible decrease of such an out� ow by
means of the base screening by jets, � owing from the two rows of
turbonozzles, located along the edges of the base cut.

Thrust losses of the plug nozzles at start are signi� cantly lower
than those of the “bell” axisymmetricnozzlesof the same expansion
ratio, optimal in vacuum. In typical cases they decrease three to four
times (from 11 to 3%).

The approaches just described for design optimal plug systems
and their thrust determination under off-designconditions,particu-
larly at start, are applicable also to axisymmetrical plug con� gura-
tions, which are also of increasing interest.44;45 Their incorporation
into multidisciplinary optimization algorithms is also promising.
Such algorithms,based on the directmethods,are developedin con-
nection with the problem of two-dimensionalaltitude-compensated
nozzles RLV design in Refs. 41, 42, and 46.

Conclusions
Considered nozzle con� gurations differ by values of relative

length L . At L > 2:4 the plug adjoins to turbonozzlewithout a base.
At L < 2:4, as for an “Aerospike”—reusable launch vehicle where
L D 1:35, the plug has a big base. Using primary nozzles with exit
Machnumber M0 D 2:5 and inclinationangle to theplaneof symme-
try #0 D 45 deg provides relatively small thrust losses either in vac-
uum and at start, ensuring altitude compensation.At start the thrust
of designed con� gurations is determined with accounting for the
boundary-layerseparation,initiatedby the supercriticalpressure ra-
tio in the intersectionpoint of suspended shock with the plug. Com-
putation of separation is done by using the empirical dependenceof
criticalpressureratio on Mach number.By virtueof the same depen-
dence, the optimal TN operates practically without overexpansion
at start as a result of separationin its throat. At start the thrust losses
of the plug nozzles are three to four times smaller than those of the
axisymmetrical “bell” nozzles with the same expansion ratio.
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