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Influence of Rocket Design Parameters
on Engine Nozzle Efficiencies

Detlef Manski* and Gerald Hagemann*
DLR, German Aerospace Research Establishment, D-74239 Lampoldshausen, Germany

This article presents results of flow calculations of large H,/O, rocket nozzles, using a modified version of
JANNAF’s two-dimensional kinetic program. Various calculations of rocket nozzles were performed to study
the influence of characteristic rocket engine design parameters on nozzles losses. The domain of nozzle losses
is classified by divergence, friction, and kinetics. In addition, the influence of shocks in the nozzle and cooling
effects on the efficiencies have been considered. The losses are determined using nozzle shapes of the Space
Shuttle main engine and Vulcan HM60 engines, which are characteristic for future rocket launchers. The rocket
design parameters are parametrically derived vs thrust, chamber pressure, mixture ratio, nozzle area ratio,
and nozzle geometry. All of these parameters are systematically varied and their effects on nozzle efficiencies

are presented.

Nomenclature
c = velocity
Cr = thrust coefficient, I /c*
c* = characteristic velocity, p A /m
1 = impulse
p = pressure
r = mass ratio oxidizer/fuel mixture
T = temperature
a = angle
8 = displacement thickness
£ = nozzle area ratio
n = efficiency
6 = momentum thickness
P = density
Subscripts
a = ambient
ad = adaptive
c = combustion chamber
comp = combustion
div = divergence, two dimensionality
e = exit
eff = effective
fric = friction, boundary layer
hl = heat loss
noz = nozzle
s = specific
stoi = stoichiometric
t = throat
vac = vacuum
w = wall

Introduction

HE calculated engine nozzle efficiencies are stored in a
database for system analyses of future rocket launchers,
where nozzle flows are simulated under simplified assump-
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tions such as one-dimensional, isentropic ideal gas flows. The
database will be used to modify the simplified nozzle flow
assumption.

Only a few studies on the dependencies of nozzle losses on
characteristic nozzle design parameters can be found. In Ref.
2, friction losses of small N,H, engines in the thrust class of
F,.. = 0.5 kN were examined. Miyajima® examined kinetic,
friction, and divergence impulse efficiencies of H,/O, rocket
nozzles with thrust levels of F,,. = 4.0 kN as a function of
chamber mixture ratio. Using the simplified procedure of the
JANNATF performance methodology, analytical functions were
derived* for various H,/O, rocket nozzle losses in a thrust
level of the RL-10 engine. The results presented in this article
give thorough insight into various losses of large liquid rocket
engines of the Space Shuttle main engine (SSME) and Vulcan
HMG60 class engines, and the dependencies of the losses on
characteristic nozzle design parameters.

Losses in Thrust Chambers

Thrust chamber losses are caused by imperfect energy re-
lease in combustion chambers and imperfect expansion pro-
cesses in the nozzles. It is necessary to limit the nozzle exit
pressure to avoid severe flow separation at the exit of first-
stage rocket engine nozzles. This minimum exit pressure can
be estimated using the Summerfield® criterion. The ideal con-
tour nozzle produces a homogeneous flowfield with a constant
velocity distribution in the exit area, but it is too long for
application in launchers. Therefore, most of today’s rocket
nozzles have a length approximately 80% of their ideal length.
The contours of shortened nozzles for maximum thrust can
be calculated with the method of characteristics as proposed
by, e.g., Rao,® or can be analytically designed by a method
where the throat contours are described by circular arcs and
the divergent contours are parabolic. The latter type of noz-
zles are often called parabolic or Rao nozzles.®

Divergence Losses

For both design cases, these nonideal bell-shaped nozzies
produce nonuniform pressure and velocity profiles in the exit
plane. The losses due to these inhomogeneous exit flowfields
are considered here as two-dimensional or divergence losses.
They also include losses induced by shock waves emanating
from the throat region of nonideal nozzle contours.

Friction and Heat Flux Losses

Further losses are caused by viscous effects in boundary
layers and by heat transfer from the main flow to the nozzle
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wall. These losses strongly depend on the nozzle size and heat
fluxes across the wall.

Kinetic Losses

Because of the high temperature of the combustion process
in the rocket chamber, dissociation takes place. During the
nozzle expansion process, the static temperature decreases
and causes the gas to seek new equilibrium states with lower
degrees of dissociation. However, this requires time, so that
the fluid may not obtain new equilibrium states, resulting in
nonequilibrium, and finally, in frozen flow in which all re-
combinations are suppressed during expansion. That means
that the energy stored in dissociation products cannot be re-
leased. These losses are called kinetic losses.

Combustion Chamber Losses

Losses due to imperfections in vaporization, mixing, and
combustion in the combustion chamber are not examined in
this article. Thus, a homogeneous inflow with an average
mixture ratio is assumed in these numerical simulations.

Following the JANNAF performance methodology, the
specific impulse of thrust chambers can be determined from

L= O cm o ey M Maope (1)
L. is determined by thrust measurement. The specific impulse
I, is calculated by a one-dimensional equilibrium analysis,
e.g., by Gordon and McBride,” using the average mixture
ratio in.the combustion chamber. Since losses in the com-
bustion chambers are not the subject in this article, the first
three efficiencies, which can be summarized as the efficiency
of energy release in the combustion chamber

Nen = My

oMy M
Scomb i ovap

are neglected in the succeeding analysis. 7. values are in the
order of 99%. Furthermore, the total radiation of the thrust
chamber was assumed to be zero. However, the remaining
heat losses across nozzle walls hl, i.e., regenerative cooling,
are considered and included in the boundary-layer losses, fric,
and therefore, characterized by 7, .

Definition of Efficiencies in Rocket Nozzles

The influence of losses in the expansion process was studied
as a function of characteristic rocket design parameters. The
following losses that were mentioned previously were the sub-
ject of the study: 1) losses caused by kinetic effects, 2) di-
vergence losses including losses caused by shocks, and 3) fric-
tion and heat flux induced losses.

To characterize the kinetic losses, a kinetic efficiency
N1y, 15 defined as

n, =1 _ /I

Sxin SODK " SODE (2)

with the specific impulse I, calculated by the one-dimen-
sional kinetic flow analysis.
The divergence efficiency 7, is defined as

My, = Lol 3)

Sdi

with the specific impulse [,, calculated by the two-dimen-
sional flow analysis including kinetic effects.
The friction efficiency 7, is defined as

s,

Stri

= /1 6]

SBL' "S2D

The specific impulse [, is calculated by a two-dimensional

flow analysis including kinetics, boundary-layer, and heat
transfer effects.
The nozzle efficiency 7, follows from

M= M W, ()

Snoz Skin Sdiv T Sfric

Because of the pressure term the efficiencies differ for sea
level, vacuum, or altitude adaptive specific impulses. In this
article all efficiencies are referred to the specific vacuum im-
pulse.

Numerical Methods

To perform the numerical calculation of the previously de-
fined nozzle efficiencies, the program two-dimensional kinetic
(TDK)?® was used, it is a well-established program for one-
and two-dimensional flowfield calculations of rocket nozzles
including equilibrium, kinetic, shocks, and boundary-layer
effects. TDK was developed for the JANNAF computer pro-
gram methodology with the aim of theoretical performance
prediction of large liquid rocket engines. The program was
modified and adapted for the parametric analysis done in this
work. The modular structure of TDK is shown in Fig. 1.
Further details concerning TDK can be found in Refs. 8
and 9. ,

To perform parametric studies, TDK was implemented in
the system analysis program SYS,'” which was originaily writ-
ten for the system analysis of space transportation vehicles.
Systematic variations of the following characteristic nozzle
design parameters were performed: 1) p. = 25, 50, 100, 200,
and 400 bar; 2) r, = (i-2)*'2-r,,, withr,, = 0.131 m, i =

Iref

1,2,4,and 8; 3) ¢ = 45, 77.5, and 126; 4) ,,, = 0 + 15

Master control Module MCM
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Fig. 1 Modular structure of TDK.
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Fig. 2 Contours of SSME nozzles with three different throat radii
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deg; 5) O/F = 4.0, ..., 9.5; and 6) wall cooling methods
= adiabatic, regenerative, and dump cooling.

The nozzles of the SSME and Vulcan engines were taken
as reference nozzles. The variation of the throat radius implies
a scaling of the whole engine, since all of the geometrical data
are normalized by the throat radius. Figure 2 shows nozzle
contours for three different throat radii.

Corresponding to the chamber pressures of p, = 100, 200,
and 400 bar, three exit area ratios were chosen under con-
ditions that satisfied the Summerfield criterion to avoid flow
separation in the nozzle under sea level conditions. Figure 3
represents the divergent contours of the investigated nozzles
with the three area ratios of ¢ = 45, 77.5, and 126, where
the nozzle contour with an area ratio of ¢ = 45 is equal to
the Vulcan nozzle contour.

Nozzle Flowfield Calculations
The SSME nozzle is chosen as a reference. All calculations
were performed under consideration of turbulent fluctuations
in the boundary-layer and adiabatic wall conditions.
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Tendencies of the Nozzle Losses

The variation of chamber pressure at constant exit area
ratio gives a first insight in the order of magnitude of the
different specific impulses and efficiencies. With increasing
chamber pressure the degree of dissociation in the combustion
chamber monotonously decreases, resulting in an increase
of specific impulses. Furthermore, effects of kinetics in the
nozzle also decrease (compare Figs. 4 and 5). An increase
in density due to pressure rise leads to a stronger increase
of recombination reactions than that of dissociation reac-
tions.!!12 The degree of dissociation in the combustion cham-
ber decreases and nonequilibrium effects in the nozzle are
reduced, resulting in an increase of the kinetic efficiency. The
divergence influence increases with increasing chamber pres-
sure as shown in Fig. 5. It becomes obvious that lower cham-
ber pressure produces a more homogeneous flowfield in the
nozzle exit. In contrast, the influence of friction decreases
with increasing chamber pressure, which becomes more ob-
vious in subsequent figures.
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Kinetic Efficiency as Function of Chamber Pressure, Engine Size,
and Nozzle Area Ratio

Figures 6 and 7 show the dependency of kinetic efficiency
on chamber pressure, engine size, and nozzle exit area ratio.
The pressure already discussed has a dominating influence.
Second-order influence is given by the size of the engine. The
absolute length of the nozzle decreases with reduced throat
radius, leading to shorter durations of stay of the fluid in the
nozzle. This implies that there is less time for the dissociated
particles to recombine, resulting in a decrease of the kinetic
efficiency. Higher area ratios cause the kinetic efficiency to
decrease slightly, because the longer section of the nozzle is
flown through by frozen gas compositions, whereas the zero-
point energy of the dissociation products can no longer be
transformed. Thus, the difference between equilibrium and
kinetic (frozen) solution enhances with higher area ratios, and
that amplifies the kinetic effects.

Divergence Efficiency as Function of Chamber Pressure, Engine
Size, and Nozzle Area Ratio

Figure 8 shows variations of the divergence efficiency. En-
larging the nozzle leads to decreased divergence efficiencies.
This tendency is the opposite to kinetic influence, but it is
dependent on the kinetics. A better kinetic efficiency due to
greater engine size causes more complete energy transfor-
mation, and thus, higher gas velocities at the nozzle exit. But
the increased velocity is not homogeneously distributed, so
that the influence of divergence becomes stronger with greater
engine size.’

Higher nozzle area ratio causes an increase in divergence
efficiency by reason that the flow becomes more homoge-
neous the greater the area ratio is. The differences between
axis and wall pressures increase with higher chamber pres-
sures, resulting in a drop-of the divergence efficiency. At a
constant chamber pressure, higher exit area ratios produce
smaller differences between wall and axial pressures, leading
to increased divergence efficiencies.

Friction Efficiency as Function of Chamber Pressure, Engine Size,
and Nozzle Area Ratio

The dependency of friction efficiency on nozzle design pa-
rameters is shown in Fig. 9. Higher pressure generates lower

0.9986

throat radius
———— (). 371 m
———(.131 m
i e mme= (0,065 m
ool
. I ~ —
0 gg \\\ — —]
> T~ [ ~— —
2 L P~ Rl
@ T R [~ .
; T~ .\'\ -~ ‘\\\\
- 0.992 ~ T — =
o~ \ S e L
= ~4 \.\\
U] N ol
- b 2 ~d
0] ~a
9] \\J
c Moo
o 0.990 \ <
c .
[O]
b 5
el
0.988 N exit urea7rutio
J }\
contour type parabola; nozzie wall exit angle
5.30 degree; engine cooling adiabatic;
0.986 nozzle type SSME; mixture ratio 6.00;
’ 0 80 160 240 320 400

chamber pressure/(bar)
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boundary-layer thickness (as seen in Fig. 10), and therefore,
better friction efficiency. Higher area ratios imply longer walls
with increased friction losses, so that the friction efficiency
decreases with higher area ratios. Greater engine size in-
creases the nozzle length, and thus, the boundary-layer thick-
ness, but the relative displacement thicknesses normalized
with the throat radius decreases (Fig. 10). Therefore, the
friction efficiency increases with engine size.

Nozzle Efficiency as Function of Chamber Pressure, Engine Size,
and Nozzle Area Ratio

The overall nozzle efficiency is presented in Fig. 11. In-
creasing friction and kinetic efficiencies with increasing cham-
ber pressures lead to an increase of the nozzle efficiency,
before the decreasing divergence efficiencies begin to domi-
nate at higher chamber pressures. The corresponding specific
impulses are presented in Fig. 12. The overlay of the previ-
ously discussed effects shows that, at low chamber pressures,
large engines have a better performance than smaller engines,
while at high pressures this tendency is reversed.

0.996
=
//”‘
0.994 > P
> // -~ -~
8] 1 PRl
c L1 R
v L d o7 =
.z Ry
(8} / R - Ve
- / T .~ ~
= Pd i ate
® 0.992 < o
e s v
[ ,/ / V4 P
o]
i~ )% 1
-S v Vs q/ throat radius
=z /7 / 37 m
C P ————0.131m
— , a w4 — i 0065 m
0.990 7 71
v Y K . exit areq ratio
Va4 —_— 77
s — 12§
r/ .
contour type parebola; nozzle wall exit angle
5.30 degree; engine cooling adiabatic;
0.988 '.’nozzle type SSME; mixture ratio 6.00;
200 30 50 70 100 200 400

chamber pressure/(bar)

Fig. 9 TFriction efficiency and its dependency on chamber pressure,
throat radius, and exit area ratio.

.30 >
0.3 contour type parabola; nozzle wall exit angle
5.30 degree; mixture ratio 6.00;engine cooling
®» adiagbatic; nozzie type SSME; n
o N throat radius
g ~ . ——— 8%1 n
——— (), 131 m
x 0.25 = \\ 1w () 065
] |
= ~
e \\\ X
- N ~o ~
— ~ ~ .
- ~ .
€ 0.20 T
[0 ~. ~~
=3 ~ ~ ~e
[J] ~e ~ -
8 \\\ ~ N
T~
a \\\\ ™ I
» 0.15 ~1] ~_
-5 ™~ T~
\\\\ \\\\\ ~
o T ~—d
> ~—
—0.10 I
o
o exit areq ratio L h 2R L I
8 é; ..-~-—~:§'Nn§'-
126 | P~ L] R T Ny
0.05 1 {
20 30 50 70 100 200 400

chamber pressure/(bar)

Fig. 10 Exit displacement thickness normalized with the throat radius
for different chamber pressures, throat radii, and exit area ratio.



MANSKI AND HAGEMANN 45

0.986
T T
.~ ~
L ’.Q-’:"
0.982 N
. A\
(8]
c
3 s \
(8]
Z0.978
[J]
E.) throat radius
N - — (3.371 m
N ———— (131 m
8 — w065 m
0.974 7 ; —l I
A exit area ratio
/ — 1%
i
contour type parabola; nozzle wall exit angle
5.30 degree: gngfne'cooling adiabatic;
0.970 L= nozzle type SSME; mixture ratio 6.00;
20 30 50 70 100 200 400

chamber pressure/(bar)

Fig. 11 Nozzle efficiency and its dependency on chamber pressure,
throat radius, and exit area ratio.

4600
— P e Wik
g 4550 P e iy ]
T L A
E //// L
E / P
@ £500
F
a e e L
£ / T ]
£ 4450 T
) -~ 1
> - N
8 P d throat radius
S .4 — 0_131 n
Ve —— () m| |
o 4400 ” e s v () 069 M
8 exit areq ratio
a e 77 -
2 4350 %
I I
contour type parabola; nozzle wall exit angle
5.30 degree: engine cooling adiabatic;
4300 nozzle type SSME: mixture ratio 6.00;
20 30 50 70 100 200 400

chamber pressure/(bar)

Fig. 12 Two-dimensional specific impulse and its dependency on
chamber pressure, throat radius, and exit area ratio.

Variation of the Wall Exit Angle

Figure 13 shows the efficiencies as a function of the wall
exit angle. The original SSME exit angle is «,,, = 5.3 deg,
the other angles imply small variations of the parabolic wall
contour (Fig. 14). The kinetic efficiency shows no dependency
on the wall angle, while the friction efficiency rises continu-
ously with increasing wall angles. Greater wall angles decrease
the curvatures of the parabolic wall contours and the absolute
wall Jengths are reduced, leading to a decline of friction losses.

The divergence efficiency reaches a maximum value at an
exit angle of «,,, = 7.5 deg and decreases at greater angles.
The nozzle efficiency shows a similar trend with a maximum
value at an exit angle of «,, , = 8 deg.

Comparison of Adiabatic Walls with Cooled Walls

The influence of cooled nozzle walls on the specificimpulses
is included in the friction efficiency. Regenerative wall cooling

1.000 EThkin

0.996

Mric—"" |

~

L | ———ETAnoz,

.98k / < \

0.980
| [contour type parcbola; nozzle type SSME; \

[ |[Engine Cooling adigbatic; mixture ratio 6.00;
L |chamber pressure 200 bar; exit area ratio 77;
0.976 throat radius 0.131 m; .

3 6 9 12 15

nozzle wall exit angle/(degree)

(o)

.992 et

.988

nozzle efficiency
[e) [e4

Fig. 13 Nozzle efficiencies as function of the wall exit angle.

A f]

i

- ==
38 =]
il 1 -1 1
@ DS
c B L= ay,e = 0°
o] P ay,e = 5.3°
§4 = ay,e = 12.°
[
|
P
te
)
ED
O 2 q =] 8 10 12 14 168 18 20 22 249

normalized length

Fig. 14 Nozzle contours of an SSME-type nozzle with different wall
exit angles.

1.000 ——

0.995
W4

ﬂ fricd
T

>

g / L] I

2 0.990 e e,

= " Va4

o L

- L

o |

— 0.985 ETAnoz.

m L 4§/ETnnoz. §
L L

e ~d

Engine Cooling

] /
0.980 / wmemn ad igbatic

regenerat ive
[ / exii area ratic 77;mixture ratio 6.00;
[ nozzle wall exit angle 5.30 degree:
S nozzle type SSME;
0.975 I N O [
20 30 50 70 100 200 400

chamber pressure/{bar)

Fig. 15 Nozzle efficiencies at adiabatic and regeneratively cooled walls.

and a combined regenerative/dump wall cooling were studied
and compared with adiabatic wall conditions.

TDK calculations of SSME nozzles with an adiabatic wall
condition and a fully regeneratively cooled wall showed neg-
ligible differences in the resulting specific impulses and in the
efficiencies, since the heat fluxes across the wall are trans-
ferred to the fuel mass flow (Fig. 15). The momentum thick-
nesses rise considerably in case of the regeneratively cooled
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Table 1 Trends of the efficiencies

Nozzle Tendency

parameter p. 1 ro 1 e 1 Remarks

Efficiency
Kinetic 7 7 Above 100 bar no more influence (>0.995)
Friction /! /7 Above 100 bar small influence
Divergence N N Above 100 bar dominating influence

Nozzle efficiency

Increasing with growth of all parameters, divergence can produce decrease at

high chamber pressures and low exit area ratios (0.975-0.985)
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wall because of the existing heat fluxes. In contrast, the dis-
placement thicknesses drop due to lower gas temperatures
compared to the adiabatic wall. In the case of combined re-
generatively cooled and dump cooled nozzle walls, as realized
in the HM60 engine, a strong decrease in the friction effi-
ciencies can be observed due to the loss of heat across the
dump cooled walls. The other efficiencies show no further
differences.®

Effects of Mixture Ratio Variations

For an engine size and chamber pressure like that of the
SSME class, Fig. 16 shows nozzle efficiencies as a function of

Table 2 Comparison of calculated and experimental
performance data

HM60 SSME

Impulse, ODE’ 4455.8 m/s 4562.1 m/s
Kinetic efficiency 0.998 0.999
Friction efficiency 0.989 0.994
Divergence efficiency 0.988 0.990
Nozzle efficiency 0.977 0.983

c* efficiency'? 0.99 0.99
Resulting impulse 4309.7 m/s 4439.6 m/s
Impulse, e.g., Refs. 14, 15 4305.1 m/s 4441.4 m/s
Relative error, % 0.1 0.04

mixture ratio, which is the mass ratio of oxidizer to fuel. With
exception of the stoichiometric regime r,,,; = 7.936, the nozzle
efficiencies, and especially the total nozzle efficiency, show a
relative flat dependency on mixture ratio.

The kinetic efficiency decreases towards the stoichiometric
mixture ratio due to higher degrees of dissociation in the
combustion chamber. The divergence efficiency shows the
opposite tendency for the same reasons as discussed previ-
ously. The friction efficiency decreases towards the stoichi-
ometric mixture ratio, since the adiabatic wall temperatures,
and thus, the viscosities in the boundary layer increase with
rising chamber temperatures. A drop in combustion temper-
atures that have higher mixture ratios than the stoichiometric
one causes the friction and kinetic efficiency to increase.

Corresponding specific impulses to Fig. 16 are presented
in Fig. 17.

Conclusions

Using the SSME engine size and nozzle shape as an ex-
ample, parametric analysis of the characteristic design param-
eters of a rocket nozzle for future launcher systems was per-
formed and studied. The TDK program was used as a tool
for the rocket nozzle performance analysis. Chamber pres-
sure, throat radius, nozzle area ratio, mixture ratio, nozzle
exit angle, and the nozzle cooling method were used as char-
acteristic nozzle design parameters to study their influence.
The nozzle performance parameters were defined and ex-
plained.

To describe the total losses of rocket nozzle energy release,
the losses were divided into three main effects and charac-
terized with kinetic, divergence, and friction nozzle efficien-
cies.

It has been shown that the total nozzle efficiency of first-
stage hydrogen/oxygen engines for low chamber pressures is
in a regime of 97%. For chamber pressures up to 100 bar
total nozzle efficiencies of 98% and more are available. In
that thrust and chamber pressure regime the total nozzle ef-
ficiency remains nearly constant at that value.

The divergence losses due to two-dimensional effects rep-
resents the main part of the total nozzle losses. The losses
increase with chamber pressures up to 1.5%, beginning at
0.6% for low chamber pressures.

The kinetic losses are nearly zero for chamber pressures
higher than 100 bar and thrust levels of the SSME class. At
lower chamber pressures, the kinetic losses rise to 1%.
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Boundary-layer and cooling losses are combined as the fric-
tion efficiency. The regenerative cooling has no reducing ef-
fects on friction efficiency. Opposite to the divergence losses,
the friction losses decrease with increasing chamber pressures
down to 0.6%, beginning with 1.5% for low chamber pres-
sures. Efficiency tendencies as functions of nozzle design pa-
rameters are presented in Table 1. Table 2 shows that the
calculated performance data compare very well with experi-
mental results.

The parametric results on rocket nozzles efficiencies gained
with the TDK program are stored into a database system and
will be used for further system analyses of launchers.
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