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Abstract

This article investigates and presents the influences of geometric parameters of a scramjet exerting upon its nozzle performances.

These parameters include divergent angles, total lengths, height ratios, cowl lengths, and cowl angles. The flow field within the scramjet

nozzle is simulated numerically by using the CFD software—FLUENT in association with coupled implicit solver and an RNG k-¢ tur-

bulence model.
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Nomenclature:
Cr— thrust coefficient; Cy— lift coefficient
Cy— pitching moment coefficient
L — nozzle total length; T— nozzle thrust
N—nozzle lift; M— nozzle pitching moment
Ly — the length of vehicle
s — divergent angle; H,/H; — height ratio

6@ — nozzle cowl angle; L— cowl length

1 Introduction

A scramjet generally consists of an inlet, an
isolator, a combustor and a nozzle. As an important
component, the nozzle produces most of thrust,
whose magnitude and direction have decisive ef-
fects on the scramjet performances. Therefore, the
research on nozzles has long been attracting rapt
attention with the focus on the effects of geometric
parameters upon their performances. In NASA, the
Langley center, having this subject as its key object
of scramjet research, designed a scramjet nozzle of
fixed geometry!"! and found that, the nozzle would

generate maximum thrust with the minimum diver-
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gent angle when the angle of attack was zero. When
the angle of attack was 8°, the thrust depended on
the obliquity of nozzle top-wall and when the obli-
quity reached 19.8°, the nozzle produced the maxi-
mum thrust. The effects of cowl length on the thrust
and the balance of aircraft was also investigated
with the conclusion that the performances will be
ameliorated when L;= 3.12H,. A shorter cowl length
can result in decreased thrusts, overmuch lifts and
nose- down pitching moments due to decreased
top-wall pressure caused by non-uniform expansion.
On the contrary, a longer one could cause additional
nose- up pitching moments. However, up to now
few works have been published about the depen-
dence of scramjet nozzle performances upon the
geometric parameters. This article is intended to
make an insight into the influences of divergent an-
gles, total lengths, height ratios, cowl lengths and
cowl angles upon scramjet nozzle performances by
way of numerical simulation, and presents the de-

tailed data thereon.

2 Experimental Verification of Calculated
Results

In order to verify the feasibility of numerical
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results by using FLUENT software, this article takes
Japan NAL—KRC’s scramjet nozzle test” as an
example. When the gas flows into the scramjet noz-
zle, it would be continuously in the state of chemi-
cal reaction because of inadequate combustion. San-
giovanni, et al.” studied the effects of hydrogen/air
chemical reaction on scramjet performances and
found that the gas chemical reaction in nozzle, even
though intensive and strong, made little contribution
to the specific impulse and thrust of scramjet.
Therefore, the gas flow in the nozzle could be con-
sidered as a reaction-freezing flow in numerical
simulation. Thus the inflow of the nozzle under
study is viewed as reaction-freezing, and the spe-
cific heat ratio is set to be 1.33. The condition for
calculation contains coupled implicit solver, adap-
tive structured grid and RNG k-¢ viscous model,
which can provide an analytical expression by tak-
ing into account the viscosity in the low Reynold
number flow to perform a better simulation in the
laminar flow region near the walls, thus achieving a
high accuracy and creditability of simulation in a
wider range.

Free-stream parameters are 7% =673 K, p=
2 940 Pa, Ma=".1; Nozzle inflow parameters are
T* =300 K; relative static pressure p;,./p., = 1.58,
Ma = 2.5; Atmospheric pressure is p,, =2 940 Pa .

The data obtained from the test are about the
static pressure distribution of nozzle top-wall cen-
terline. Both numerical and experimental results are
non-dimensionalized by the plenum chamber pres-
sure pp.. As seen from Fig.1, a good agreement is
achieved between calculated and experimental re-

sults in both changing trend and numerical values.
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Fig.1 Pressure distribution on nozzle top wall.

3 Research on Scramjet Nozzle Perfor-
mances

Let the entrance point at the nozzle bottom-
wall be the Cartesian coordinate origin, the center-
of-mass coordinate be (-12.5H;, 0) according to
Ref.[4], the length of vehicle Ly = 75H], the height
of inlet 5.33H, the width of inlet 1 m, and then the
maximal capture area of inlet from calculation 4 =
5.33H;x1 m=0.16 nr’.

At the designed point, assume the flight height
H =25 km and the flight Mach number Ma = 6.

The inflow parameters of the nozzle can be
obtained from 1D calculation of combustor. The
given inflow conditions are: Mach number Ma, =
1.59, static temperature 7 =1 622.21 K, static pres-
sure p=73 660.91 Pa, height H, =0.03 m; diver-
gent angle fg are initiated. This article uses the
maximal thrust method™ to design various nozzle
contours with different geometric parameters and
the FLUENT 6.0 to perform the numerical simula-
tion of the nozzle flow field and performances.
Fig.2 shows the computational domain. The simula-
tion conditions for FLUENT 6.0 are the same as
cited before. The nozzle inflow parameters are as-
sumed the same as in designed state with the nozzle
outflow pressure being 2 000 Pa. Moreover, the

nozzle wall is assumed adiabatic and non-slip.

Nozzle top-wall

—————m

Calculated field

Nozzle cowl

Fig.2 Calculated field.

3.1 Influences of divergent angle upon nozzle

performances

Fig.3 shows various nozzle top-wall contours
with different fg. In it, Ls=3.12H,, 6 =0° with a
constant. nozzle total length at L=25H,. As H,/H,
varies with S slightly, its influences can be ignored.
Fig.4 shows the variation of Cr, Cy, and C), with fg.
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Fig.3 Top wall contours with different fg.
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Fig.4 Variation of Cr, Cy, and Cy, with fp.

The calculated results indicate that, the varia-
tion of thrust coefficient Cr with the divergent angle
[ tends to increase while it decreases with the lift
coefficient Cy, and nothing significant of the pitch-
ing moment coefficient Cj,. This might be attributed
to the dependence of magnitude of thrust on the
top-wall pressure and the divergent angle. With di-
vergent angle increasing, the X-component of
top-wall pressure and thrust increase, thus making
Cr increase simultaneously and the Y-component of
top-wall pressure decreases with some reduction in
the negative lift, thereby decreasing Cy. When the
divergent angle increases, the nozzle thrust and lift
tend to vary in opposite direction with each chang-
ing value approaching the same, making C,, vary
slightly due to the combined effects of 7 and V.

Moreover, the sensibility of Cr to fs is ana-

lyzed through the following definition:
K=

| variation of dependent variable(for example,AC}.) |

|Variati0n of independent variable(for example,AﬁB)|

From the above-cited discussion, it is clear that

Cr, Cy, and Cy; would be more sensible, the higher
the K-value is. The calculated results show the sen-
sibility coefficients of Cr, Cy, and Cy, to g being
0.26, 0.31 and 0.04 respectively, when S falls in
the interval between 12° and 24°. In terms of their
sensibility to S, Cr, Cy, and Cy, change in an esca-
lating order. Therefore, the effects of fz on Cr, Cy,
and C), should be taken into synthetic consideration

when choosing the value of .

3.2 Influences of nozzle total length upon

nozzle performances

In Fig.5, which shows various nozzle top-wall
contours with different L, four different contours
can be obtained by truncating between the points of
L=15H,, L=20H,, L=25H,, and L =30H,. Under
the constant geometric condition: fg=20°, Ls=
3.12H,, and 8= 0°, when the value of L decreases
from 30H, to 15H,, H,/H, varies as little as no more
than 1.6, meaning its influences could be ignored.
The changes of Cr, Cy, and Cy, with L are shown in
Fig.6, which indicates that all Cy, Cy, and Cy, de-
crease as L decreases, though the variation of Cr
appears less distinct. The calculated results also
show that when L decreases from 30H, to 15H,, Cr,
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Fig.5 Top-wall contours with different L.
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Fig.6  Variation of Cr, Cy, and C), with L.
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Cy, and C), drop by 5.9%, 44.2%, and 46.4% while
the sensibility coefficients of Cr, Cy, and Cy, to L
are 0.12, 0.88 and 0.92 respectively. It is clear that
in terms of sensitivity to L, Cr, Cy, and Cy,; come in
a descending order. Therefore, on the premise of
escalating sufficient nozzle performances, a less
total length is more preferable in the nozzle design
if taking into account the weight constraint.

3.3 Influences of height ratio H,/H; upon

nozzle performances

Fig.7 shows nozzle top-wall contours with dif-
ferent H,/H,, given L =25H,, f3=20°, Ly=3.12H|,
and 6= 0°.
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———- H,=T7.0H,

L/H,
Fig.7 Top-wall contours with different H,/H;.

The variations of Cr, Cy, and Cy, with H,/H,
are shown in Fig. 8, which indicates that the pres-
sure of internal nozzle varies slightly with H,/H,
because of the same expansion degree of internal
nozzle with the invariable f, and the pressure of
external nozzle declines slowly along X-axis at a
small H,/H,, but sharply at a large one because the
higher expansion degree of external nozzle makes

the top-wall pressure drop rapidly along X-axis.
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Fig.8 Variation of Cr, Cy, and C), with H,/H,.

As is seen from Fig.8, with H,/H; increasing,
Cr rises, but Cy and Cj, decline. This is because
the top-wall pressure decreases with H,/H; increas-
ing, but the X-component of top-wall pressure in-
creases, making both 7 and Cy increase; on the con-
trary, the Y-component decreases making both N
and Cy decrease. The fact that enlarging H,/H,
would lower the top-wall pressure results in de-
crease in pitching moments. However, the influ-
ences H,/H, exerts upon the pressure of internal
nozzle are less significant than those upon the
top-wall pressure of external nozzle, the pitching
moment would decrease slightly because it is inter-
nal nozzle that produces the most part of pitching
moment.

The calculated results show that when H,/H,
increases from 5 to 8, Crrises by 10.8%, Cy and Cy,
reduce by 33.2% and 25.8% respectively. The sen-
sibility coefficients, Cr, Cy, and Cy, to H,/H;, which
come in an escalating order, are equal to 0.18, 0.43
and 0.55.

3.4 Influences of cowl length L/H; upon

nozzle performances

Fig.9 shows pressure contours with different L
which are supposed to be 1.5H;, 4.5H,, 6.0H, and
7.5H, under the following condition: L =20H,, [z =
20°, and €= 0°. From the figure, it is noted that the
proportion of flow expansion in the internal nozzle
increases gradually when L, rises, but the exit pres-
sure of internal nozzle decreases. Therefore, the rise
of L results in the minus lift generated by internal
cowl surfaces.

Fig.10 shows the variations of Cr, Cy, and C,
with Ly/H,. The calculated results show that Cr in-
creases slightly with Lg when Ly/H,<4.5 with the

Level 1 5 9 13 17 21 25 29
Pressure/Pa 3199.98 3757.04 4871.69 7724.95 20000 40000 60000 80000

(a) Ls = 1.5H,
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Level 1 5 9 13 17 21 25
Pressure/Pa 3 218.81 3846.76 6172.66 112103 25071.5 45000 65000

=

(b) Ly =4.5H,

Level 1 5 9 13 17 21 25
Pressure/Pa 3200.28 417344 6430.09 121283 30000 50000 70000

(c) Ls = 6.0H,

Level 1 4 7 10 13 16 19 22
Pressure/Pa 337046 44235  5811.38  8166.1 15000 30000 45000 60000

(d) Ly =7.5H

Fig.9 Pressure contours with different L.
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Fig.10 Variation of Cr, Cy, and C,, with LJ/H,.

sensibility coefficient being 0.063, but once Ly/H, >
4.5, Cr stops changing. However, Cy decreases all
the time when L increases. It stands to reason that
with L rising, at the time that both up-wall pressure
and lift increase, the higher minus lift is also gene-

rated by internal cowl surfaces. Therefore, the total

lift drops sharply due to the joint effects of internal
nozzle, which result in rapid decrease in lift coeffi-
cients. When L varies from 1.5H; to 7.5H,, the sen-
sibility coefficient of Cy is 0.273; and the minus lift
increases with the rise of L, so the pitching moment
coefficient decreases. When 1.5 <L¢/H;<7.5, the
sensibility coefficient of Cy, equals 0.061. As is dis-
covered from Fig.10, the variation of Cy with Ly is
the most remarkable of all sensibility coefficients

with Cj; coming the second.

3.5 Influences of cowl angle & upon nozzle

performances

Given L=20H,, H.,/H,=6, pg=20°, L=
3.12H,;, and €=0°, 3°, 6°, 9°, or 12°.

Fig.11 shows the variation of C7, Cy, and Cy,
with 6. The calculated results show that, with the
rise of 6, the nozzle up-wall thrust decreases and the
cowl internal surface thrust increases with an almost
constant thrust coefficient Cr, meaning the sensibi-
lity coefficient is almost zero. The up-wall lift de-
creases remarkably with @rising. Therefore, both Cy
and Cj; present a downtrend with their sensibility
coefficients being 0.15 and 0.24 respectively.
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Fig.11 Variation of Cr, Cy, and Cy, with 6.

Fig.12 shows the nozzle flow field pressure
contours with different €. It is noted that the single
ramp expansion in nozzle entrance changes into a
symmetry type when & keeps rising. This implies
that the flow expansion in the internal nozzle
enlarges gradually and the nozzle exit pressure de-

clines correspondingly.
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Level 1 4 7 10 13 16 19 22

Pressure/Pa 30904 361025 5000 10000 17427.5 35000 50000 65000 latlng Order'

(2) With the decrease of L, Cy suffers only a
small amount of decrease, but Cy and C,, do a big-
ger one. The sensibility coefficients of Cr, Cy, and
Cys to L with values of 0.12, 0.88 and 0.92 respec-

tively change in an escalating order. On the premise

of ensuring sufficient nozzle performances, a less
total length is more preferable in designing prac-

Level 1 4 7 10 13 16 19 22 25 .
Pressure/Pa 3 137.85 3578.07 492896 10048 17141 25000 40000 55000 70 000 tlces

(3) With increase in H,/H;, Crrises due to suf-
ficient expansion of external nozzle, but Cy and Cy,
decline. In terms of sensibility to Hy/H;, Cr, Cy, and
Cy come in an escalating order.

(4) Cy and Cj; decrease with rise of Ls. Cy is
the most remarkable of all sensibility coefficients to

Ls with Cy coming second. When LyH;<4.5, Cr
:le,.a 2(,;7,(, 304:_5,, 35,1,0(,5 54',,(:,‘(,4 ,(,1;&5 Zl,lf.’m, 3513(,(. 5(,25(,(, (,Szf,m, increases slightly with L with the corresponding
sensibility coefficient of 0.063, but once Ly/H,> 4.5,
Cr stops changing.

(5) The sensibility coefficient of thrust coeffi-
cient Crto @is approximately zero. In contrast, both

Cy and Cy, present a downtrend with the corre-

sponding sensibility coefficients being 0.15 and

0.24 respectively.

Level 1 4 7 10 13 16 19 2 25
Pressure/Pa 223432 282271 424111 6553.43 12322 25000 40000 55000 70 000 References
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