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The Boundary Layer Separation and Shock Wave Formation
due to External Disturbances in Rocket Nozzle Flow and
Their Utilizations for the Thrust and Thrust-Vector

Control Systems®

ABSTRACT

When there is an external disturbace such as secondary injection or an obstacle in the supersonic
nozzle flow, boundary layer separation and shock wave formation take place with various states
according to the strength and position of the disturbance. Due to this boundary layer separation
and shock wave formation, the pressure distribution on the nozzle-wall changes considerably, and
the magnitude and direction of the thrust of the nozzle also vary with it. Therefore, these phe-
nomena can be utilized for the thrust and thrust-vector control system of a rocket engine.

In this paper, two new systems are proposed, that is, a system for increasing the thrust of a
rocket at low altitude using boundaly layer separation position control by secondary injection, and a
system for thrust-vector control in which the side force is induced by a cylindrical obstacle intruding
into the nozzle flow from the nozzle-wall. Theortical and experimental analyses of the related fluid
dynamic phenomena were carried out, and the devices for such systems were systematically analysed
and the availability of such systems was proved. The performance of these systems was confirmed
by a series of firing tests of solid propellant and liquid propellant rocket engines, and enough data
for the design of real rocket engines were accumulated.

When the nozzle flow is overexpanded, the boundary layer on the nozzle-wall is separated by a
comparatively weak disturbance. Conversely, when the nozzle flow is underexpanded, the boundary
layer is hard to separate. Even if it is separated by a rather strong distucbance, the separated
boundary layer reattaches immediately thereafter and the region of the separation is very narrow,
but in this case, a strong shock wave is formed in front of the obstacle, with which the pressure dis-
tribution in the nozzle changes considerably. That is, although, generally, the boundary layer sepa-
ration and the shock wave formation have a relation to each other, the region of the separation
is very narrow and its effect on the pressure distribution on the nozzle-wall is very small in compari-
son with that of the shock wave. Hereafter, the boundary layer separation due to a comparatively
weak disturbance in the overexpanded nozzle flow (in which case the pressure distribution depends
almost solely on the separation), and the shock wave formation due to a strong disturbance in the
underexpanded nozzle flow (in which the pressure distribution depends almost solely on the shock
wave) are discussed separately in this paper.

Concerning boundary layer separation and shock wave formation, a number of basic studies
have been presented; however, it is defficult to analyze boundary layer separation and shock wave
formation in the nozzle flow based on those basic theories, because the nozzle flow includes many
complex phenomena, such as chemical reaction of exhaust gas, heat transfer to the nozzle-wall, three-
dimensionality of flow field, etc. Therefore, in this paper, these problems are mainly investigated
by experiments and the results are compared with the theory.

The optimum expansion ratio of a rocket nozzle is determined by the altitude of a rocket flight.
Generally, a rocket engine with a larger expansion ratio produces larger thrust at high altitude, but
at low altitude a region of overexpanded flow in the rocket nozzle appears in which the static pressure
is lower than the ambient pressure. This pressure difference produces a reverse thrust, and decreases
the total thrust of the rocket engine. Therefore, when there is a large region of overexpanded flow
in the rocket nozzle, the thrust increase at low altitude is obtained by decreasing the overexpanded
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region using the method of giving a disturbance to the flow, and this method is already known. In
this paper, an improvement in the thrust increase over a wide range of altitude is proposed; that is,
a system keeping the thrust at the optimum value over a wide range of altitude by displacing the se-
paration point according to the variation of the ambient pressure is considered.

In order to evaluate the effect of this system, the thrust characteristics of rocket engines equipped
with this system were numerically analysed over a wide range of altitude, using available empirical
formulas. From these analytical results, the remarkable effect of this boundary layer separation
position control system on thrust increase at low altitude was confirmed. The experiments on
layer separation were conducted using a 300 kg thrust liquid propellant rocket engine at sea level.
The secondary injection system was used for generating the separation, in which the boundary layer
was forced to separate in the region of the overexpanded flow by absorbing the ambient air through
holes arranged on the nozzle-wall. By this experiment, the separation characteristics of the boundary
layer with or without the outer disturbance due to the injection or absorption of the ambient air
through the holes were made clear, and also the thrust-increasing effect of the system at low altitude
predicted analytically was confirmed.

Concerning the shock wave formation due to the strong disturbance in the underexpanded flow,
the shape and the pressure distribution of the shock wave were analysed by using Taylor-Sakurai’s
blast wave theory, and Lee’s and Zukoski’s formula for the drag of the obstacle in the supersonic
stream. The pressure distribution on the nozzle-wall is changed from axisymmetric to asymmetric
because of the strong shock wave formation; then the side force perpendicular to the nozzie axis is
induced. The values of the pressure distribution and the side force were obtained using these theo-
ties, and the relation between the side force and the shape and position of the obstacle on the hozzle-
wall was given,

These analytical results were compared with the two-dimenional supersonic Wind-tunnel ex-
periment, and it was found that the analytical results agree with the experimental results in the re-
gion close to the point of the shock wave formation. Then, the firing teste of solid propellant rocket
motors of 420 kg thrust, 80 kg/cm? chamber pressure, 3.5 sec. burning duration, and a liquid propel-
lant rocket engine of 300kg thrust, 20 kg/cm? chamber pressure, 25 sec. burning duration, liquid
oxygen and ethyl alchol were conducted, and the magnitude and the frequency responce of the side
force were measured. Also, the heat resistance of the cylindrical obstacle and the height-control de-
vice of the obstacle mounted on the nozzle-wall were tested.

From these experimental and theoretical results, the usefulness of the boundary layer separation
control system for increasing the thrust coefficient at low altitude and of the thrust-vector control
system using the obstacle in the nozzle flow were confirmed.
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Nomenclature

cross-sectional area of the nozzle at a particu-
lar location;
nozzie thrust cocflicient;
thrust;
pressure;
specific heat ratio;
distance from throat along nozzle axis;
the dircction perpendicular to the nozzle axis
and from the point on nozzle-wall on which
an obstacle is mounted to the opposite side of
nozzle-wall;
propagation velocity of shock front;
sound velocity of undisturbed primary flow;
mach number of undisturbed primary flow;
density;
radius of shock front; distance of shock front
from the charge;
constants from Sakurai's method (Jy:=0.877,
A=z 1,989 at r=1.4 of specific heat ratio of
air);
constant of the shape of shock front surface
a.=(): planc
a=1; cylindrical
a:=2: spherical;
constant of cnergy E cjected from charge per
unit time;
cnergy ejected from charge per unit time;
function of r/R({0- r- R);
drag of obstacle:
height of obstacle;
angle of the plane at the head of obstacle;
stagnation pressure before the shock front near
obstacle;
stagnation pressure behind the shock front
near obstacle;
drag cocfficient ;
diameter of cylindrical obstacle;
half-angle for the divergent wall:
position where an obstacle is mounted;
apex point of starting shock wave on the noz-
zle-wall;
reflection point of shock wave on the oppoite
side nozzle-wall;
position of P4 replaced on Z-axis, or symmet-
ric point of P4 on the nozzle-wall;
position of P, replaced on Z-axis or symmet-
ric point of P, on the nozzle-wall:
reservoir pressurc of two-dimension nozzle;
main thrust (Z-axis component);
side force (+n component);
chamber pressure;
throat diameter;
diameter of nozzle-exit;
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ly distance from throat to nozzle-exit;
! distance from throat to P
€ cross sectional area ratio: e=A;/A,=4(d/'2+

lan 6,)/(dy)* (ten 0,,=0.12989);

A nozzle cross sectional arca at the position Py

A, throat cross sectional area;

C, mean value of Cp:

C, pressure cocflicient;

P2, pressure distribution on the nozzle-wall cov-
cred with shock wave;

P,.. pressure distribution on the nozzle-wall in re-
gion of undisturbed flow;

JF, integration of pressure along the circular line
on the cross section of the nozzle;

JV  loss of volume of an obstacle in exhaust flow;

i decrease of & at the upstream side of obstacle
surface after burning test;

Subscript

A ambicnt pressure or atmospheric pressure;

C combustion chamber or reservoir;

o undisturbed primary flow;

e nozzle exit;

i interaction of shock wave with boundary layer;

s scparation;

t throat;

95 the position where the pressure in a region of
separation risc to 0.95P4, (e95 corresponds to
eat p= 095 Py);

ki position of boundary layer separation forced

by external disturbance (i: number);

LINTRODUCTION

When a disturbance is introduced into a supersonic
stream in a rocket nozzle generally the boundary lay-
er separation takes place and the shock wave is form-
ed while the pressure distribution on the nozzle-wall
changes drastically.

In a case that the weak disturbance is given in a
underexpanded nozzle flow the boundary layer sep-
aration hardly occurs. However when the strong
disturbance by an obstacle such as a circular cylinder
with a finite length attached on the nozzle-wall is
given, the boundary layer separation occurs, though
the region with the reverse velocity gradient is very
narrow and the separated boundary layer reattaches
immediately thereafter, and a strong shock wave is
formed in front of the obstacle causing the large var-
iation of the pressure distribution on the nozzle-wall.
This strong shock front reaches to the opposite side
nozzle-wall, reflects at the wall and rises the pressure
on it. Therefore, the pressure distribution on the
nozzle-wall is changed from axisymmetric to asymmet-
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ric, then the side force perpendicular to the nozzle
axis is induced. This side force can be used for
thrust-vector control of a rocket engine.

Contrary to that, when the disturbance is given in
the over-expanded nozzle flow, the separation takes
place and the pressure in the region of the separated
boundary layer rises strongly due to an oblique shock
wave caused by shock-boundary layer interaction, and
the point of reattachment moves far downstream and
disappears, and the pressure in this region approaches
to the ambient pressure at the nozzle exit. Therefore,
when there is the large region of overexpanded flow
in the rocket nozzle, some thrust increase under cer-
tain ambient pressure is obtained by decreasing the
overexpanded region using this method of giving a
disturbance to the flow. In this paper, the boundary
layer separation due to the weak disturbance in the
overexpanded nozzle flow and the shock wave for-
mation due to the strong disturbance in the under-
expanded nozzle flow are discussed separately.

Concerning the separation and the reattachment of
the boundary layer, a number of basic studies have
been presented (1~24). However, the analyses of
the real rocket nozzle flow are very difficult, because
that the nozzle flow includes many complex phenom-
ena, such as turburent boundary layer, three-dimen-
sionality of flow field, chemical reaction, heat transfer
to the nozzle-wall etc.. In case of supersonic uni-
form stream along a flat plate, the distributions of the
velocity, the temperature and the thickness of the
boundary layer are calculated using the approximate
solutions of the momentum and energy integral equa-
tions (1). The separation and the reattachment of
the two-dimensional laminar boundary layer have
been analysed theoretically (2~5). Especially, for
the flow with a large Raynolds number, the pressure
distribution in the region of the interaction of the
boundary layer on a flat plate with the incident shock
wave is calculated by the two-momentum method
(6, 7), and its result agrees with experiments, al-
though this method can not be applied to turbulent
boundary layer in a rocket nozzle. For this case, a
number of investigations based on the experiments
using two-dimensional step or incident oblique shock
wave have been presented (8~15). Based on the ex-
periments of a cylindrical obstacle attached on a flat
plate, Forber and Kaemper (16, 17) have given semi-
empirical equation relating the angle of oblique shock
wave resulting from the boundary layer separation
with the flow condition and the bow-wave stand off
distance with the height of the obstacle. The ratio
of the upstream static pressure to the one in the sep-
aration region does not depend on the shape of an
obstacle, but correlates with the reservoir pressure and
the Mach number (2, 18~21). Using this relation,

the separation point can be determined. On the oth-
er hand, the reattachment point depends on the step
height and the Mach number. Wanschkuhn, Ro-
shtko, et al. conducted the experiments about the sep-
aration and reattachment of the boundary layer in-
duced by a downstream-facing step, and measured the
pressure distribution and the local shear stress (22~
24).

zjonceming the shock wave induced in a nozzle
flow by a strong disturbance, Taylor (25) investigated
theoretically the propagation of strong spherical blast
wave which is caused by sudden release of a finite
amount of energy at a point, Sakurai (26, 27) de-
veloped this theory and obtained the second order
solution on the propagations of plane and cylindrical
blast wave. Using this theory and rewriting the drag
of an obstacle in supersonic stream in the form of
energy, the shape of shock wave induced by an ob-
stacle in supersonic stream is obtained. The shape
of the bow shock wave caused by a forward-facing
step, a blunt nosed slender body and a right circular
cylinder attached on a flat plate have been investi-
gated theoretically and experimentally (28~30), in
which the drag forces are rewritten in the form of
energy (28, 30).

As another method of giving a disturbance in order
to separate the boundary layer, the secondary injec-
tion method is known (32~35), in which gases or lig-
uids are injected into the nozzle flow through the
holes arranged on the nozzle-wall. Thus, the pres-
sure distribution on the nozzle-wall changes from
symmetric distribution to asymmetric, and this asym-
metric pressure distribution produces the side force
which can be used for the thrust-vector control of a
rocket engine. The drag of the secondary injection is
calculated with the method of integrating the drag
coefficients of the equivalent bodies by which the
shock wave is induced and the shape of this shock
wave is same to the one induced by the injectant pene-
trating into the primary stream (34). Also the method
of momentum deficit of the injectant which is accele~
rated to the velocity of the primary stream is known
as the another available method of calculating drag.

In this report, according to the abovementioned
basic studies, the systems to improve the efficiency of
a rocket nozzle with a large expansion ratio at sea
level and to utilize the side force produced from the
asymmetric pressure distribution in a nozzle are dis-
cussed. In Chapter 2, the thrust coefficients of the
rocket nozzles with a large expansion ratio calculated
over a wide range of altitude are compared with those
of the nozzles equipped with the boundary layer sep-
aration position control system. Also, the shock
wave formation due to the cylindrical obstacle in the
underexpanded nozzle flow is analysed. In Chapter
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3, the experiments on the boundary layer separation
induced by mijecting the ambicent air through the
holes arranged on the nozze-wall and on the shock
wave formation due to the cylindrical obstacle in the
nozzle are described.  In Chapter 4, the character-
istics of the boundary layer separation and the shock
wave formation duc to the cyhindrical obstacle in the
underexpanded noszle flow are discussed on the base
of these expernimental results,  The pressure distribu-
tion and the side force are calculated and compared
with the results of the experiments.

2. BASIC EQUATION

2.1 Boundary layer scparation of rocket nozzle flow

2.1-(1)
zle
Generally, the optimum cexpansion ratio of rocket
enginc nozzle is larger at higher altitude but it's smal-
ler at lower altitude. Therefore, as the ideal design
of rocket nozzle, thrust can be kept on the optimum
value when the expansion ratio s varies continiously
according to the altitude of rocket flight. However,
in case of the practical design of a rocket nozzle, the
range of the alutude is assigned previously, and ¢ is
fixed so as to produce large total impulse in the as-
signed region of altitude. There is considerable dif-
ference between the turust of a rocket engine with a
constant expansion ratio and the thrust of a rocket
engine with a variable expansion ratio which can take
the optimum value at the arbitrary altitude, and the
difference increases in proportion to the range of al-
titude. Thercfore, the thrust coeflicient of rocket
nozrle with constant ¢ can be improved by dividing
the range of rocket flight altitude into small ranges.
However, if this method is used for a rocket design
as it is, the rocket should be composed with a large
number of stages, and the performance of the rocket
will decrease extremely. Therefore, as the available
method obtaining optimum thrust coefficient in the
arbitrary altitude, the boundary layer separation posi-
tion controlsystem is considered, and with this system
a rocket of the minimum stages can be designed.
The separation of the boundary layer in the range of
overexpanded flow is induced by injecting the ambient
air through the holes arranged on a nozzle-wall, and
the separation position can be controled by shifting
the injecting holes position on the nozzle-wall accord-
ing to the variation of altitude. Fig. I shows the pres-
sure distribution on a rocket nozzle axis. The region
of the overexpanded flow extends in proportion to
nozzle expansion ratio , and the difference between
the pressure acting on the nozzle-wall in the region
of overexpanded flow and the ambient pressure pro-
duce the reverse force which direction is reverse to

Thrust coefficient of the overexpanded noz-
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the rocket thrust. In Fig. 1, the area written with
obligue line show the magnitude of the reverse force.
The difference between the pressure P in the overex-
panded noze flow and the ambient pressure P4 in-
creases according to the increases of ¢ and Py, and a
boundary layer separation is induced at a certain pres-
sure ratio P.'P4 as shown in Fig. 2. Then, the pres-
sure at the separation point on the nozzle-wall rise
extremely, and the region of the boundary layer sep-
aration extends to the nozzle exit, and the pressure
at the nozzle exit approaches to the ambient pressure.

An analytical formulation expression for the pres-
surc rise which is required to separate the flow was
provided by Aren (18), which is the function of P,
the reservoir pressure P, and the fluid velocity U.
Kalt (21) simplified this analytical formulation expres-
sion and provided the empirical equation of the pres-
sure ratio P;/P 4, with which the separation point can
be determined directly.

Thrust F of a rocket engine is usually written as
follows,

F=CyPg- A, (1)

where, P, is the resorvoir or combusion pressure, A,
is the cross-sectional area at a nozzle throat. When
the exhaust gas is frozen isentropic flow in a nozzle
and the effect of nozzle expansion angle and the fric-
tion force acting on a nozzle-wall are negligible, C,
is given as follows,

Qa\/ 2r’< 2 )t?")/tr'-‘li[]“_”(?;yf—"fm]
r—=1\r+1 Pe

Ut (2)
On the other hand, thrust is calculated from the ex-
haut gas momentum at a throat and the pressure dis-
tribution on a nozzle-wall. The sketch of the pres-
sure distribution is given in Fig. 3, and the equation
of thrust is given as follows,

F=5 P dA +f VoVdA+ PdA
throat throat

wall

—-j . dFy—P4A, (3)

wa

and Cy is given by

S Z +f  vovaa
throat throat
+j PdA—j de—PAAc)/PcAt (4)
wall wall

where, V is the exhaust gas velocity, dFy is Ky ¢
cos 0y, dA, K is the coefficient of exhaust gas friction,
60 is the half angle of divergent nozzle section, g is
the exhaust gas momentum rate /iz/cm®. Fig. 4 shows
a sketch of boundary layer separation in a nozzle, and
¢; is the nozzle area ratio at the initiation point of
shock wave-turbulent boundary layer interaction, and
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¢s is the nozzle area ratio at the separation point,
and eg5 is the nozzle area ratio where the pressure on
the nozzle-wall rise to 95 percent of the ambient pres-
sure. Dividing the region of the pressure distrubu-
tion on the nozzle-wall into three regions with the po-
sitions of ¢; and eg;, the equation (3) can be rewitten
as follows,

F:j PdA +$ VoVdA +S€i PdA
throat throat

throat

3

+ :95PdA+Se PdA—s dFy—P4Ae  (5)
1 5

Kl throat

In case of large ¢, the friction has some effects on
the thrust. However, it is not our intent to investi-
gate the effect of the friction in this paper, and also,
in case of small ¢, the effect of friction is negligible
(20). Therefore, the friction term in Eq. (5) is neg-
lected in this paper, and Eq. (5) is rewitten as fol-
lows,

Fe= CﬁPcA¢+rg5 paa+ (¢ PdA—P.4. (6)
& €95

where, Cy; is the thrust coefficient of nozzle with ex-
pansion ratio ¢; in vacuum. Kalt and Badal (21) re-
placed the second term and the third term of Eq. ©)
with the approximate formula as shown in the follow-
ing Eq. (7),
F=Cy;PcA;+0.55(P;+ Pos)(Ags— Ai)

—P4(0.975A445+0.0254,) (7)
g; is calculated from the following empirical equa-
tions,

2
Pi/PAZ?(Pc/PA)_O'z

_ IL])U(T'U(&)UT Z—ﬂ[ _(ﬁ)(r-l)/r]
”’”‘( 2 7)) Vil \%
8.2)

and &g is calculated with the following equations,

&.1

(1) in case of 5i§7%+0‘38

egs—e;=(e;—1)/2.5 9.1)
(2) in case of eig——l—%+0.38
595—5i:(5—€i)/1.45 (9.2)

From the Egs. (2), (7), 8.1), (8.2), (9.1) and (9.2),
the thrust coefficients C can be calculated in the prac-
tical ranges of r and ¢ (36), and the results are shown
in Fig. 5~Fig. 9. The ranges of pressure ratio P,/
P4, specific heat ratio 7y and expansion ratio ¢ are
given as follows, Pg/P4=20~10%, r=1.10~1.30, ¢=
3~200. Fig. 10 shows the result of firing tests of
300 K, thrust liquid propellant rocket engines at sea
level. The difference between these experimental data
and the calculated results Cy is less than 3 %4, which is

due to the fluctuation of propellant flow and combus-
tion pressure. Fig. 11 shows a part of the results of
firing tests of 5.5 ton thrust liquid propellant rocket
engine in vacuum. The data of firing tests are given
in Table 1 and Table 2.

2.1-(2) Separation position control

In Fig. 12, ¢, is the nozzle area ratio at the position
of the separation which is induced naturaily on the
condition of ambient pressure, and & is the nozzle
area ratio at the position where the static pressure P
in undisturbed flow coincides with P4, and ¢ is the
nozzle area ratio at the position where the boundary
layer is forced to separate by disturbance.

Giving a disturbance to a nozzle flow at the posi-
tion of e which is located between ¢ and &, the
separation is induced and the pressure P on the noz-
zle-wall downstream of & rises extremely, and the
thrust increases as shown in Fig. 12 with the hatched
area.

In Fig. 13, exi(i=1,2, -+ n) are the nozzle area
ratios at the position where separation is forced by
disturbance, and ex; are slightly larger than &y, and
eoi(i=1, 2, -+ - n) corresponds to Pai(i=1, 2, -+- n),
respectively.

The conditions of this calculation are given as fol-
lows, the separation is induced at the position of the
nozzle area ratio & and the separation region extends
to the nozzle-exit, and the nozzle area ratio &g can
be calculated with Eq. (9.1) and Eq. (9.2), then, the
thrust is calculated from Eq. (7).

The process of the calculation is as follows,

(1) to calculate & from the ambient pressure
(2) to select & from exi(i=1,2, - n), & selected

should exits most close to ¢, downstream, and Cy

is calculated with Egs. (7), (9.1) and (9.2).
(3) When the ambient pressure P4 varies according

to the altitude of a rocket flight, process (1) and

(2) are repeated.
Using the above-mentioned method, the maximum
thrust at the arbitrary value of ambient pressure can
be calculated by giving small values to the intervals
of ex(i=1, 2, --- n). The program of the electronic
computer for this calculation is given in Appendix 1.
The constants used in this calculation are as follows,
Pri(i=1,2, -+ 6)=0.597, 0.444, 0.174, 0.070, 0.041.

0.029 kg/cm?,
r=1.10, 1.20. 1.30,
P.=20. 40, 60, 100 kg/cm?,
e==200.

The results of the calculation are given in Fig. 14~
Fig. 17. In Fig. 18~Fig. 21, a dotted line shows the
thrust coefficient C; in the absence of the boundary
layer separation position control, and a brocken line
shows the envelope of the maximum value of Cy at
arbitrary value of P¢/P4.

This document is provided by JAXA.



8 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-447T

From these results, it is ascertained that the sep-
aration position control system has an large effect on
the improvement of the thrust coefficient at low al-
titude, especially, in case of large ¢ the thrust increases
more than 10 percent.

2.2 The shock wave induced by an obstacle in a nozzle

2.2-(1) The shape of shock wave in a nozzle

When an obstacle is mounted on the nozzle-wall
of a rocket engine near the nozzle-exit, the shock wave
is induced as shown in Fig. 22 with the dashed line,
and the pressure distribution on the nozzle-wall turns
into an asymmetric distribution around the nozzle-
axis and the side force with the direction - is induc-
ed. On the other hand, when an obstacle is mounted
on the nozzle-wall near the throat, the shock front
reaches to the opposite side nozzle-wall and reflects
on it as shown in Fig. 22 with the solid line, and if the
pressure on the opposite side nozzle-wall covered with
the reflected shock wave is high enough and its area is
reasonably wide, the side force with the direction # is
induced.

Using the analogy of the cylindrical blast wave, the
shape of shock wave and the pressure distribution
which are induced by the blunt-nosed slender bodies
parallel to the supersonic flow and by a right circular
cylinder of finite length mounted on a wind tunnel
have studied (12, 28, 29, 30), resuits of which have
been applied to the thrust vector control by second-
ary injection (34, 13, 37). The similar analysis is em-
ployed for analyzing the side force induced by an ob-
stacle mounted on the nozzle-wall.

However, concerning the side force of rocket en-
gine, it is difficult to relate the analytical result ac-
curately with the experimental result, because there
are many unknown factors such as specific heat ratio,
temperature, boundary layer, etc.. Accordingly, in
order to study the characteristics of the side force in-
duced by an obstacle mounted on the nozzle-wall, ex-
periments with both supersonic air flow and the rocket
engine firing test are necessary, and it is desirable to
determine experimentally the dependence of the mag-
nitude of side force and its direction on such para-
meters that characterize the size of the obstacle and
the distance from the nozzle throat.

2.2-(2) Propagation and structure of blast waves

The propagation velocity and the distribution of
hydrodynamic quantities of blast wave are expressed
in the form of power series in (C/U)?, where U is
the propagation velocity of shock front and C is the
sound velocity of undisturbed primary flow. Taylor
found the solution (25) of the spherical blast wave for
the first order approximation, and this solution cor-
responds to the approximation valid for the case
where the ratio (C/U)? can be neglected. Then Sa-

kurai calculated the radius R (25, 27) of shock front
from the charge and pressure distribution (26, 27} of
blast wave with shock front surfaces of plane, cylin-
drical and spherical shape for the second order ap-
proximation. The radius R of the shock front and
the distribution of hydrodynamic quantities are ex-
pressed as follows,
(C/UY(Ry/ Ry« 1=Jo{1 +2(C/ U}
P=P (U/C)g®»+(C/U)gW} (10)
p:Pm{h(O) +(C/U)2h(l)}
where
Jo, 211 constant obtained from Sakurai’s method.
(Jo=0.877, h=—1.989 at y=1.4)
«: constant of the shape of shock front sur-
face
«=0: plane
a=1: cylindrical
a=2: spherical
Ry: constant of the energy E ejected from
charge per unit time
gD, k9 (i=0,1): function of r/R, (0=<r<R)
Ro=(E/po)!/ =D, an

By mounting a two-dimensional rectangular block
on the wall of two-dimensional nozzle, the oblique
shock is induced, which is regarded as the plane blast
wave.

In order ot analyse the shape of shock front in the
supersonic flow, it is reasonable to use the coordina-
tes fixed on the nozzle axis.

Using the relation z/CM =¢, the propagation velo-
city U of shock front is expressed as follows:

U=dR|dt =dRldz-dz|dt =dR|dz-CM  (12)
where Z is the distance from the throat, and dz/dt
is the velocity of undisturbed flow. Substituting Eq.
(12) and «=0 to Eq. (10), the following equation is
obtained

z[(RoM)=

v [Jo(— 2D P/ —JoAi(R] Ro)[1 —Jo1(R] Ry)]

—log (v 1=JoA(R[Ry) + v/ —JoA1(R| Ro)}. (13)
From Eq. (13), the shape of the shock front can be
determined.

In case of the cylindrical obstacle, the shape of
shock front is calculated in the same way also. If
the obstacle of the blunt nose slender body is paral-
lel to the nozzle-axis, the bow shock is induced from
the nose of slender body. Observing this shock wave
with the coordinate fixed on the undisturbed flow
with the velocity dz/dt, it is regarded as the cylin-
drical blast wave, and Eq. (10) can be used for the
analysis of the shock wave induced by a cylindrical
obstacle. From Eq. (10), (12) and a=1, the follow-
ing equation is given.

2| RoM = v/ Jo{l — /1 —=Joi(R[Ro)*}[(Johr).  (14)
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Concerning E and drag D of the obstacle in the flow,
there are following relations

E=D (a=0)

E=2D(a=1). (15)
and the relation between E and R, is given in Eq.
an.

2.2-(3) Drag of obstacle mounted on the nozzle-wall

The drag D of two-dimensional reactangular block
mounted on the nozzle-wall is approximately calculat-
ed as follows,

D=(poa— peo)h. (16)

On the experiment with the two-dimensional nozzle,
the pressure P., at the apex point P4 of the shock
front is almost equal to P.. at the position P; of
the obstacle on the nozzle-wall, and P. (at P4) can
be replaced by P., (at P;), then,

D=0.032 kg/cm? (at p;)

p02/p01=0.4762 (at M=256, 7’:]4)

p01=0.06 kg/cm2
Eq. (16) is
D=(pga— p-)h=0.0254 h. amn
(11) and (15)

Ro=E/p.=0.79 .

In case of the cylindrical obstacle supported at one
end on the nozzle-wall, the drag coefficient Cp was
in the range of h/d=6.42~14.56 measured by Sykes
(29), from this data Cp at small values of 4/d and d
=12 mm is determined by the extrapolation as fol-
fows,

From Egs.

Cp=1.4(hld<1,d=12mm),

Thus, the drag of cylindrical type obstacle can be ob-

tained from the following equation
D =3Cpputhd =4C prM?pohd. (18)
From Egs. (11), (15), (18), the constant R, is ob-

tained.
3. EXPERIMENT

3.1 The boundary layer separation in an overexpanded
nozzle flow

The separation in an overexpanded nozzle flow
was induced with the method of injecting the ambi-
ent air through the holes arranged on the circumfer-
ence which is located at the position of nozzle area
ratio &; on the nozzle-wall. The pressure distribu-
tion on the nozzle-wall and the thrust coefficient Cy
were measured for various parameters &, the dia-
meter of the hole and the number of the holes. The
characteristics of the engine used are as follows:

the propellant LOX—CHs-OH

the thrust F 300kg

the chamber pressure P 20 kg/cm?

the nozzle area ratio (exit) 12

the specrfic heat ratio y 1.22
The figures of the engine, overexpanded nozzle and
test stand are shown in Fig. 23~Fig. 25, respectively.
The characteristics of the nozzle used are as follows.

the type: conical, exchangeable, three types (ei:

(i=1,2,3)
the area ratio (exit): 12
the area ratio at the position of holes:
2, 3)=4.7, 6.0, 7.4
the diameter of hole: 0~9mm
the number of holes: 20 arranged on the circum-
ference of the nozzle
In case of the nozzle without hole, the pressure dis-
tribution on the nozzle-wall is given in Fig. 26. The
solid line shows the result of calculation on the static
pressure distribution in undisturbed flow, and the dot-
ted line shows the experimental result. The overex-
panded flow exists in the region of ¢=3.5~9, and the
separation occurs at ¢=9, and the pressure rises ex-
tremely downstream of the separation point on the
nozzle-wall, and approaches to the ambient pressure
at the nozzle-exit.

In case of the nozzles with holes arranged on the
circumference at the position of ex; (i=1, 2, 3)=4.7,
6.0,, 7.4, the pressure distribution on the nozzle-wall
was measured and the results are given in Fig. 27, 28,
29, respectively, and the thrust coefficients are shown
in Fig. 30 with mark x and the pressure Py which is
the static pressure at e.

exi(i=1,

3.2 Shock wave induced by an obstacle

3.2-(1) Observation of the shock wave in the super-
sonic air flow

In series of experiments with two-dimensional noz-
zle with 15 mm by 100 mm throat with a half-angle
of 10°37 for divergent walls on which an obstacle is
mounted at /=78 mm from the throat, the shape of
shock wave and the pressure distribution on the noz-
zle-wall were measured. The dimension and charact-
eristics of the two-dimensional nozzle are as follows:

the throat 15 mmXx 100 mm
the half-angle for the divergent
walls (6n/2) 10°37
the distance from throat to the
position pi(J) 78 mm
the diameter of cylindrical ob-
stacle (d) 12 mm¢

the two-dimensional obstacle
(rectangular block)

the obstacle height (%)

the angle of the plane at the
head of obstacle to the stream
® 0°~35°

the reservoir pressure (po) 7.3+0.1 kg/cm?

hx12mm
1~12mm
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the Mach number of undisturb-
ed flow at p; (M) 2.56
the distance between the posi-
tions of pressure orifices with
diameter 0.3 mm ¢ 20 mm

The photographs of the shapes of shock front and
reflected shock induced by two-dimensional rectangu-
lar blocks and cylinders with various height were
taken using a conventional two-mirror Schlieren sys-
tem, and the pressure distribution on the wall was
measured with the mercury manometer. From the
observation of a series of shock fronts it can be seen
that the strength of the shock wave depends on the
obstacle height 4. The radius R of shock front mea-
sured from the photographs is normalized and given
in Fig. 33 and Fig. 34. These experimental results
agrree with the analytical results calculated from Egs.
(13) and (14), where the analytical results were calcu-
lated with the hypothesis that Mach number near the
obstacle is a constant value of 2.56. By rewriting the
normalized R/R, and Z/R, of Fig. 33 and Fig. 34 in
the form of R and z, it can be understood that the
angle and the strength of shock front are roughly in
proportion to the obstacle height A. The pressure
distribution on the nozzle-walls with a two-dimension-
al rectangular block was measured by using mercury
manometer of accuracy -1 mm Hg. The results are
given in Fig. 35, which show that the pressure dis-
tribution on the opposite side wall is fairly high in
comparison to the pressure distribution of the wall on
which an obstacle is mounted. This high pressure dis-
tribution on the downstream from the reflection point
P, on the opposite side wall is induced by the reflected
shock wave.

From the result of these experiments, it is found
that the reflected shock wave generates high pressure
region over the wide area on the opposite side wall,
and generates the side force in the direction of n.
3.2-(2) Side force measurement with rocket engine
firing test

The experiment with solid-propellant rocket engine
with an obstacle mounted on the nozzle-wall was per-
formed. The dimension and the characteristics of the
rocket engine and the obstacle are as follows:

the chamber pressure (p.) 80 kg/cm?
the thrust 420 kg
the specific impulse (/sp) 218 sec
the firing duration (7) 3.5 sec
the throat diameter (d;) 20.7 mm
the diameter of nozzle-exit (dp) 58.85 mm

the distance from throat to nozzle-exit
(o) 145.7 mm
the distance from throat to p;
62.6, 72.9, 82.7, 92.7, 102.7 mm
the height of cylindrical type obstacle

(h) 3~9mm
the diameter of cylindrical type obstacle
) 12 mm

the material of nozzle S25C
the cross sectional area ratio (¢)

3.20, 3.66, 4.15, 4.68, 5.23:
the ratio of the nozzle cross sectional area 4; at
the position p; to the throat cross sectional area
Ap: Ai/ Ay = 4(d,/2 + | tan 0,)* (dy)? (tan 0, =
0.12989).

The thrust and the side force were measured by using
“solid-propellant rocket firing stand for vertical mul-
ticomponents of thrust”, by which three components
of the force, a nozzle-axis component and two lateral
components which are perpendicular to each other
can be measured. The side force F; which is the lat-
eral component of the force is in proportion to the
height 4 of obstacle except the region of the small
values of F;. Then, the direction of the side force
depends on the position P; of the obstacle. These
experimental results are given in Fig. 36, from whiclh
it is found that when ¢ is small the side force withh
the direction n is induced and its magnitude is fairly
large in comparison with the side force with the di—
rection -n which is induced when ¢ is large, and there
is one particular value at which F;=0 for each value
of the parameter A.
3.2-(3) Frequency response of side force

The response of side force depends on the dimen—
sion of the nozzle with an obstacle. However, it is
considered that the response is very fast, and the gain
in low frequency is constant and there is no phase-lag.
In order to certify the frequency response of the side
force, the rocket engine firing tests with the cylindri-—
cal type tungsten obstacle the height of which changes
periodically were conducted.
Equipment

Fig. 37 shows the nozzle with the actuator of an
obstacle, and the characteristics and dimension of the
engine and nozzle are as follows:
(1) Engine

the combustion pressure (P;) 70 kg/cm?

the main thrust (F) 370 kg

the duration (¢) 4 sec.
(2) Actuator and obstacle

the electric motor 1 AC25W 135rpm

the electric motor 2 AC 45W 60~500 rpmx
the diameter of obstacle (d) 12 mm

the amplitude of A 0~7.1 mm

the material of obstacle W (99%)

the frequency range 1.4~135¢/s

the ratio Fs/F 8%
Main features of the equipment are as follows:
(1) O ling is used for prevention of leakage of gas
between the obstacle and the nozzle-wall.
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(2) Grapthite is used on the nozzle-wall around the
the obstacle to prevent melting of the nozzle-wall and
to decrease the friction between the obstacle and the
nozzle.
(3) The composition of propellant consists of 85%;
of ammonium perchlorate, 15%; of polybutadiene and
trace of low burning rate catalyzer. Due to the high
brightness of this propellant, the photograph of the
flame in short distance from the nozzle-exit can be
taken
Experimental resuits
Fig. 38 shows the side force on the conditions ¢=3.7,
f=1.3c¢/s. Itisfound thatin the range of #<4.3 mm,
the direction of F; is negative, beyond that the direc-
tion of Fs becomes positive. The side force with the
direction of n and the smaller side force with the di-
rection of-» are induced alternately.

In order to explain this phenomenon Fig. 39 is pre-

. sented which is rearranged with the data of the Fig.

36. For instance, in Fig. 39, Fs is positive at e=
4.16, h=9 mm, decreases according to the decrease of
h, becomes zero at A=7 mm, becomes negative under
7 mm of A, and when & decreases almost to zero it
becomes zero again. It is seen that when /#>7 mm
and ¢=4.16 the » component force induced on the
upper part of the nozzle-wall covered with the shock
wave and reflected shock wave is larger than the -»
component force induced on the lower part of nozzle-
wall, and the side force with the direction » is genera-
ted. The flow pattern of this case is shown in Fig.
22. When A=7 mm the n component force induced
on the upper part of nozzle-wall balances with —n
component force induced on the lower part of nozzle-
wall, and when A<7 mm, the shock wave does not
reach the upper part of nozzle-wall, therefore, the —n
component force induced on the lower part of nozzle-
wall is larger than the n component force induced on
the upper part of nozzle-wall. Thus, the side force
with the direction » and the smaller side force with the
direction —n are induced alternately. It is seen that in
periodic motion of the obstacle, the rate of the side
force with the direction —n and the side force with the
direction n decreases according to the decrease of e.

Accordingly, using small values of ¢, the side force
with the direction -n decreases almost to zero, and
frequency response of side force of 1.4~13.5 ¢/s of
range is given in Fig. 40, which shows that the gain is
constant.
3.2-(4) Heat resistance test of an obstacle

On the firing test with an obstacle of fixed height,
the deformation caused by the erosion during the fir-
ing test affects variation of the side force. To main-
tain the control force constant the erosion of the ob-
stacle should be minimized. The typical operating
environments for the obstacle are as follows:

(1) Exposure to solid propellant combustion pro-
duct

(2) 2600~3000°C of flame temperature

(3) Supersonic flame velocity

(4) Stagnation pressure load on an obstacle.

In finding refractory materials of the obstacle used
in a nozzle, it is necessary to select materials with high
melting point and strength. The rupture strengths in
100 hr. testing of Ni, Cr, Cb, Mo and W base alloy
are given in Fig. 41 (38), which shows that the
strength of Mo base alloy and W base alloy survive
at high temperature, especially W base alloy has the
rupture strength about 10kg/mm? at the testing
temerature 1400°C. As to the rupture strength, it is
concluded that Mo base alloy and W base alloy are
available for the obstacle which is used in short burn-
ing duration.

Ten refractory materials were selected for burning
ing test, whose chemical composition and the melting
points are given in Table 3. A series of experiments
with the obstacles of refractory material were con-
ducted with the solid-propellant rocket motor, whose
performance and dimension are already described in
Section 3.2-(2). The dimension of the obstacle is
given in Fig. 42—(1) and -(2). 1n Fig. 42-(2), h is the
initial height of obstacle in the nozzle. Fig. 42-(3)
shows the shape measured after burning test, « is the
angle of the plane at the head of obstacle, and 4k is
the decrease of #. Experimental results are given in
Table 4. Table 4 shows that CM-554 and W are
fairly good characteristics for the loss of obstacle vol-
ume 4V in the exhaust flow, and Fig. 43 shows the
variation of the side force in burning duration.

1t is assumed that the magnitude of the side force

depends on the shape of head of obstacle and the
maximum value is induced at an instant when the
shape of obstacle is eroded to a cirtain shape. The
time when the obstacle deforms to this shape is deter-
mined from the time when the maximum value of the
side force apears. It is considered that if the peak
point of the side force is near left side in Fig. 43, the
rate of erosion in unit time or damage of obstacle is
large and vice versa. Thus, from Fig. 43 it is inferred
that the rate of erosion of $-816 C is faster than CM-
554,
Thus, it is found that tungsten and CM-554 are ad-
vantageous as obstacle although tungsten is low in its
strength (39, 40). Concerning CM-554, the rupture
strength at high temperature is comparably low in
value, as shown in Fig. 41, but C, has highest melt-
ing point 1875°C among the metals with the antioxide
performance, therefore CM-554 can be used for the
material of obstacle in short burning duration.

In addition, for the heat resistance test of an ob-
stacle in the long duration, firing tests were conducted
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with 300 kg thrust liquid propellant rocket engine.
The obstacle is a rod of cylindrical type, made

of stainless steel, and cooled with water circulating
inside the rod, and the height of the rod is controled
with a hydraulic actuator and a servo valve. Fig.
44-(1) and —(2) show the engine and the rod height
control system respectively.

The results of burning tests show a excellent per-
formance for the heat resistance. That is, after about
300 seconds of total duration of the burning test, any
deformation or damage of the rods were not found.

4. DISCUSSION

As shown in Fig. 27, 28, 29, the pressure in the sep-
aration region increases gradually according to the
increase of the area of holes, and boundary layer sep-
aration occurs scarcely near the throat. According
as the injection points approach to the nozzle-exit,
the separation occurs easily and the separation region
enlarges and extends to the nozzle-exit as shown in
Fig. 28 and Fig. 29.

The experimental data Cy shown in Fig. 30 with
mark x approach to the result of the numerical cal-
culation shown with solid line according the increase
of sum of the cross sectional areas of holes, and also,
in case of the nozzle with the injection holes near the
throat where Py approaches to P4, there is much
difference between the experimental data Cy and the
result of the numerical calculation. 1t is found that
the above mentioned characteristics of the separation
depend on the magnitude of disturbance which is in
proportion to the diameter of hole, on the pressure
ratio Py/P4 and on the reattachment of the separated
boundary layer.

In the numerical calculation on the thrust coefficient
of a nozzle with a separation position control system,
the following assumption are used, a number of holes
are arranged on the circumference of the nozzle at
the position of ¢, and the separation is induced uni-
formly from the circumference. On the other hand,
as shown in the experiment of a secondary injection
and the experiment of a cylindrical obstacle supported
at one end on the nozzle-wall, the separation of the
boundary layer starts around the holes or the cylindri-
cal obstacle and extends downstream. These traces
of the separation are marked on the nozzle-wall clear-
ly after a cirtain kind of firing test. In case of one
hole or one obstacle set on the nozzle-wall, the trace
marks a parabolic shape. When the distance of the
holes arranged on the circumference are larger than
the diameter of the holes, the trace will marks a sine
wave with a large amplitude, and the average sep-
aration position which is obtained from the trace shifts

slightly downstream of the hole position. In case
of the short distance of the holes, the displacement
of the average separation position is small. Using
this average separation position, the result of nu-
merical calculation of Cjy will decrease slightly.

In this experiment, twenty holes were arranged on
the circumference of the nozzle, and the displacement
of the average separation position was ascertained by
the measurements of the pressure distribution and the
traces of the separation. From these results, it can
be considered that in case of d >4.0 mm, n=20 and
ex=7.4 the displacement is less than 10 mm, and pres-
sure variation of Pj is about 4P;<0.02 kg/cm?.

The shape of the shock front induced in a nozzle
can be calculated from Chapter 2, and in this paper,
the shape of the shock front and the pressure distri-
bution in a nozzle flow are calculated under the fol-
lowing conditions of flow field; Mach number of the
free stream is constant and the direction of the free
stream is parallel to the nozzle axis. Therefore, there
is some difference between the result of calculation
and the experimental data at the point of a distance
from the obstacle.

In order to compare the experimental results with
theoretical analysis, the specific heat ratio 7, the Mach
number and the pressure distribution P. of free
stream in the nozzle, the chamber pressure P, and
R, should be given. The pressure distribution P
for y=1.10, 1.25 and 1.40, were calculate by employ-
ing the value of P,=80kg/cm? which is obtained
from the experimental results of the rocket engine fir-
ing test. The analytical result of P, at y=1.25is
agrees well with the experimental result of the rocket
engine firing test. Thus, using 1.25 as the value of
the specific heat ratio 7, Jo and 4 in Eq. (10) are
determined as Jy=1.29, 3;=—2.30 by the Sakurai’s
method (26, 27).

Concerning constant R, the relations between Ry,
the energy per unit length and time, and the drag force
are given in Egs. (11), (15) and (18). Zukoski (41)
expressed the drag of the blunt nose cylindrical body
with the axis parallel to the flow. Developing this
method, the drag of the plate with the leading edge
of half cylindrical surface can be calculated. By us-
ing the relation Cp/Cp*=sin?aafsina* and Cp*=
(Pog—P)[(1/2-p V%), pressure coefficient Cp can be
eliminated, where « is the angle between the local tan-
gent to the surface and the undisturbed flow direction
and must lie between 0 and #/2. Here, C,* and a*
are evaluated at the nose of the body. Hence, a*=
7/2, and Cp* is the pressure coefficient corresponding
to the stagnation pressure behind a normal shock and
is a function of the free stream Mach number and spe-
cific heat ratio. The integral of the drag coefficient of
the plate is expressed as follows,

This document is provided by JAXA.



The Boundary Laycr Scparation and Shock Wave Formation due to External Disturbances 13

. d/2
g des=Cpl1d=j hCp* sin? adr =3Cp*hd.
0

Thus, the drag is
D=yM?*P..Cphd =3yM*PCp*hd. (19)

Using the drag of this plate instead of the cylindrical
obstacle, R, is determined, and the radius R of the
shock wave is calculated from Eq. (14).

Concerning the pressure distribution, g© and g
in Eq. (10) are the function of r/R (0<r=R), and
(CJU)? is the function of R only and P, is the func-
tion of z. Therefore, it is considered that the pres-
sure distribution is determined by the shape of the
shock front. By integrating n component of the pres-
sure P(x, z) and Py(z) on the nozzle-wall, the sidc
force F; can be calculated, where P(x,z) and Py(z)
are shown in Fig. 45.

P, (4
Fs_—-j { P(x, z)cos 0 rp(z)d0
P4 -0g
2z=0
+L ° Py(z)cos 0 r,,(z)do} dz+C  (20)
(]

where
F=a/(r2+ri—2r,rq cOS)
ro(2)=d]24+z tan (6,/2)
x=r|R
C: compensation term which depends on the
reflected shock wave, in the region p,<z</.

In case when ¢ is large and the shock wave does not
reflect on the opposite side wall, C is negligibly small.
In this calculation, there is an assumption that the
apex point p4 of the shock front coincides with the
obstacle position p;. In the experimental result, it
is found that p4 is e mm upstream side to p;. There-
fore, the analytical result obtained from Eq. (20) lies
a little toward the right side on the coordinate axis in
comparison with the experimental result as shown in
Fig. 36. The analytical results which are compen-
sated with e are given in Fig. 46

By the use of proper nozzle material and propellant
for firing test of rocket engine, the trace of shock
front survives on the nozzle-wall as shown in Fig. 47.
The trace is caused by the discontinuity of tempera-
ture distribution before and behind the shock wave,
and the trace is generated along the cross-line by two
surface of the shock front and the nozzle-wall. The
radius R calculated by measuring the trace is given in
Fig. 48, from which it is found that when ¢ is small
the reflecting position P, of the shock front on the
opposite side wall is near the throat and it agrees with
the analytical result with good accuracy.

The pressures at a few points on the nozzle-wall
were measured with the strain gauge type pressure
pickups, and the results are given in Fig. 49 which
shows that the pressure downstream of the reflection

point P, of the shock wave is fairly farge. The pres-
sure distribution along the circular line on the cross
section of the nozzle-wall and its integrated values 4F;
are calculated by Egq. (10) and (20), and shown in
Fig. 50. From these results it is obvious that as the
shock front approaches to the opposite side wall, the
pressure on the ooposite side wall increases, and the
direction of 4F; changes from —n to n.

Thus, the causes of the generation of the side force
with the direction 77 are considered as follows. (1} in
a part of the area covered with the reflected shock
wave on the opposite side wall, the pressure increases
radically, (2) when the shock wave reflects on the op-
posite side wall, the direction of 4F; near P, be-
comes # and the intcgration of 4F, along z-axis from
P’4 to P, becomes small magnitude of the force with
the direction —n.

Then, the side force with the direction —n is gen-
erated under the following condition, the position of
the obstacle is near the nozzle-exit and the shock front
does not approach to the opposite side wall.

As shown in Fig. 36, the side force ratio to the main
thrust can be obtained easily more than 109} when the
shock wave reflects on the opposite wall, and more
than 59 when the shock wave doesn’t reach to the
opposite wall. The frequency response of the side
force shows good characteristics also. These perfor-
mances of the side force induced by an obstacle are
comparable with the performance of LITVC (Liquid
Injection Thrust Vector Control) (35, 42). Especially,
this system does’nt need injectant, and the reduction
of fuel weight can be expected. Therefore, this system
is considered as an available system for thrust-vector
control system.

5. CONCLUSION

The boundary layer separation and the shock wave
induced by a distrubance in a supersonic nozzle flow
were studied, and the posibility of their utilization
to the optimum thrust control system and the thrust-
vector control system were analysed. Thrust coef-
ficients of rocket nozzle with large expansion ratio
were calculated in a wide range of altitude. In orderto
keep the thrust coefficient at the optimum value over
a wide range of altitude, a boundary layer separation
position control system was proposed, and the thrust
coefficients of such system are presented systematical-
ly. The experiments on the forced separation of the
boundary layer in the overexpanded nozzle flow were
conducted with 300 kg thrust liquid propellant rocket
engine at sea level. The results of thesc analytical
and experimental studies arc as follows.

(1) In the absence of a boundary layer separation
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control system, the thrust coefficients are calculated
and presented to be used for estimation in the range of
£=3~200, y=1.10~1.30, and in a wide rage of alti-
tude.

(2) The relations between the diameter and the po-
sition of the holes arranged along a circumference of
the nozzle and the pressure ratio P;/P. and the pres-
sure distribution on a nozzle-wall were found.

(3) The result of calculation shows a separation po-
sition control system for a rocket nozzle with a large
expansion ratio increases the thrust coefficient about
10% in low altitude. Firing tests of this system were
conducted and about 3~6 % increase of the thrust co-
efficient was obtained at sea level.

Therefore, the effect of the separation position con-
trol on the improvement of thrust coefficient is re-
markable, and a rocket engine with this system can
be used effectively over a wide range of altitude.

Concerning the shock wave induced in a nozzle
flow by strong disturbance ,a series of two-dimension-
al supersonic wind-tunnel experiments and rocket en-
gine firing tests were conductd, and the pressure dis-
tribution on the nozzle-wall and the shape of shock
wave induced by an obstacle were measured. These
experiments were conducted under the following con-
ditions.

Wind tunnel experiment:
(1) two-dimensional supersonic nozzle with an ob-
stacle of rectangular or cylindrical block
(2) Mach number of the undisturbed flow at the ob-
stacle position; 2.56
(3) half-angle for the divergent wall 8,/2; 10°37
(4) throat area; 15x100 mm

Rocket engine firing test (solid propellant)
(1) chamber pressure P.; 70~80 kg/cm?
(2) throat diameter d;; 20.7 mm
(3) nozzle expansion angle 0,; 15°
(4) distance from throat to nozzle-exit; 145.7 mm
(5) obstacle height #; 0~9 mm
(6) obstacle diameter; 12 mm
(7) firing duration; 3.5 sec.
(8) component of propellant; 85% of ammonium
perchlorate, 15 % of polybutadiene, trace of low burn-
ing rate catalyzer

Frequency responce of side force
(1) amplitude of A; 7 mm
(2) frequency range; 1.4~13.5Hz

Rocket engine firing test (liquid propellant)

(1) propellant; LOX—C:Hs-OH

(2) chamber pressure P.; 20 kg/cm?

(3) throat diameter d;; 37 mm

(4) cooling of rod; water circulating inside the rod
(5) firing duration; 25 sec.

From these experiments the characteristics of the
side force induced by an obstacle mounted on the

nozzle-wall is found as follow:
(1) The magnitude and the direction of the side
force are determined as a function of the height of
obstacle in the nozzle and the distance of obstacle
from throat.
(2) When an obstacle is near the throat the shock
wave reflects on the opposite side nozzle-wall, and
large side force with the direction from the obstacle
to the opposite side nozzle-wall is induced.
(3) The frequency response of the side force is con-
stant over 1.4~13.5 Hz
(4) The rod cooled by water circulation showed the
excellent performance of heat resistance in about 300
sec. burning test.

From these resluts, it is considered that this thrust-
vector control system is more useful than Liquid In-
jection Thrust-Vector Control System (35, 42).
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APPENDIX 1 PROGRAM LIST |

SYMBOLS
EE: ¢
PC: P
AK: 7
AT: At
PA: Py
PS(K): Py
ES: ¢
E95: ey
PR: PC/PA
F: F

1. CONICAL ROCKET NOZZLE PERFORMANCE UNDER FLOW SEPARATION CONTROL
(thrust coefficient)

FACOM 230-75 M7 FORTRAN-IV H COMPILER (OPTO) SOUCE PROGRAM LIST

ST-NO SOUCE PROGRAM

C FLOW-2

C CONICAL ROCKET NOZZLE PERFORMANCE UNDER FLOW SPARATION CONTROL
C EE, PC, AK, AT, PA, PS, ES, E95, PR, F

DIMENSION EE(50), PS(50), PA(50), AK(50), PC(50)

READ (5, 101) KM, JM, MM, IM, LM, AT
101 FORMAT (5110, F12.5)

READ (5, 120) (PS(K), K=1, KM)
120 FORMAT (6F12.5)

READ (5, 130) (PA(J), I1=1, JM)
130 FORMAT (6F12.5)

READ (5, 140) (PC(M), M=1, MM)
140 FORMAT (6F12.5)

ERAD (5, 150) (EE(D), I=1, IM)
150 FORMAT (6F12.5)

READ (5, 160) (AK(L), L=1, LM)
160 FORMAT (6F12.5)

DO 100 M=1, MM

DO 9 L=1, LM

DO 80 I=1, IM

WRITE (6, 105) I, PC(M), EE(1), AK(L)
105 FORMAT (1H1/10X, 2HI=,12, 5X, 3HPC=, F5.1, 5X, 3HEE=, F5.1, 5X, 3HAK=, F5.2)

WRITE (6, 103)
103 FORMAT (1HO, 5X, 1HF, 6X, 2HCF, 7X, SHPC/PA, 5X, SHPA(Q)), 5X, SHPS(K), 5X, 2HES,

15X, 3HE95, 5X, 1HK, 4X, 1HJ))

DO 70 K=1, KM

DO 50 J=1, IM

E1=((AK(L)+ 1.0)/2.0)**(1.0/(AK (L) — 1.0)*(PS(K)/PC(M))**(1.0/ AK(L))

E2=((AK(L)+ 1.O)/(AK(L)— 1.0))%(1.0— ((PS(K)/PC(M)y**((AK(L) ~1.0)/ AKL)))

E3=SQRT(E2)

E4=E1*E3

ES=1.0/E4
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EEE=EE(I)—0.1*EE(I)
IF(ES.GT.EEE) GO TO 80
IF(PS(K).GT.PA(J)) GO TO 70
E95=ES+0.1*ES

AS=AT*ES

AE=AT*EE(D)

A95=AT*E9S

B1=2.0*AK(L)**2.0/(AK(L)—1.0)*(2.0/(AK(L) 4+ 1.0))**((AK(L) + 1.0)/(AK(L)—1.0)

B2=1.0—(PS(K)/PC(M))**((AK(L)—1.0)/AK(L))
B3=PS(K)/PC(M)*ES
CFS=SQRT(B1*B2)+B3
F1=PC(M)*AT*CFS
F2=0.55*(PS(K)+0.90*PA(J))*(A95— AS)
F3=(0.975*A95+0.025*AE)*PA(J)
F=F1+F2—F3
CF=F/(AT*PC(M))
PR =PC(M)/PA(J)
WRITE (6, 110) F, CF, PR, PA(J), PS(K), ES, E95, K, J
110 FORMAT (1H , F8.1, F8.3, F10.1, 2F10.3, 2F8.2, 2I5)
50 CONTINUE
70 CONTINUE
80 CONTINUE
90 CONTINUE
100 CONTINUE
STOP
END

APPENDIX 2 PROGRAM LIST 2

SYMBOLS
AL: 7 constant
AJO: J, constant
A: a nozzle half angle
GX: gW function of /R
PX: + variable
PX2: ¢ variable
Gl: subroutine for g, ¢, ¢
DAI: throat diameter
Y: nozzle radius at the position of an obstacle (ro)
D: drag of an obstacle
HIGHT: hight of an obstacle
PRO: free stream pressure at the position of an obstacle (P«)
AN: mach number at the position of an obstacle
AM: mach number
ZI: distance form throat to an obstacle
Z: distance from an obstacle
Rl: nozzle radiuos (r»)
R: radious of shock wave
POl: combutsion pressure
G: specific heat ratio (7)
RO: (E/27P.)Y?
DX: interval of computation
DZ: interval of integral
THE: angle of shock wave (6p)
PPS: pressure on the nozzle wall
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PFP: pressure distribution of inside of shock front
Si: side force on area of 2zR;-DZ
SF: total side force

2.1 SIDE FORCE

Drag

Shock wave
Pressure distribution
Side force

HARP 5020 COMPILED LIST
EXTERNAL FORMULA NUMBER—SOURCE STATEMENT
C SIDE FORCE
COMMONYY, PRO, AL, D, R2, AJO, AN, DX
COMMON /C2/Z, RI, R
COMMON /C3/A, G
COMMON /C4/RO, DZ
COMMON /C5/PO1
COMMON GX(201), PX(2, 201), PX2(2, 201)
DIMENSION S1(201), PPS(101), PFP(101, 11), THEATAC(101, 11)
DIMENSION THEAT (200), PFP1(200)
READ (5, 1) G, AJO, AL, DAI, DEX, DB, DZ
1 FORMAT (7F10.3)
A=1.0
DX=-0.01
RSTAR=DAI/2.0
RAEDCG, 9) ZO, Z1, POI, BOLTH
9 FORMAT (4F10.3)
TAN1=(DEX—-DAI)/2.0/ZO
HIGHT=BOLTH—DB/2.0¥TAN!
100 CONTINUE
Z=0.0
Y=RSTAR +TANI*Z1

CALL SMACH(AN, G, El)

PRO=PS(0.0)

AM=AN

D=G*PRO*AM**2*HIGHT*12.0/2.0

PO2=PO1*(1.0+2.0*G/(G + 1.0)*(AM**2—1.0))**(1.0/(1.0—~G))

1 *(G+1.0*AM**2/((G — 1.0)*AM**¥2 +2.0))*G/(G — 1.0))

CD=4.0/3.0(PO2—PRO)/G/PRO/AM**2

D=CD*D

CP=3.0/2.0*CD

WRITE(S, 2)G, AJO, AL, DAI, ZO, TANI, POl, Z1, D, DZ, El, CP, CD, HIGHT

2 FORMAT(1H1, 9X1H=, F6.3/8X3HJO=, F6.3/10X, 1H=, F6.3/8X3HD*=, F6.3/

1 8X3HLO=, F7.3/6XSHTAN =, F11.8/8X3HPO=, F6.3/9X2HL=, F6.3/9X2HD=,
2 F7.3/8X, 3HDZ=, F6.3/9X2HE=, F6.3/8X3HCP=, F7.4, SH (CD=, F7.4, 2H )
3 /9X2HH=, F6.3
4 [///AX1HZ, 8X1HM, 11X1HR, 20X2HP1, 10X2HP2, 10X2HP2, 9X2HR1, 7X2HN1,
5 6X2HN3, 7X1HF)

D=2.0D

RO=DSQRT(D/2.0/3.1416/PRO)

EXTERNAL FP

EXTERNAL PS

D1=D

CALL G1
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D=D1
N2=IFIX((ZO+0.001-Z1)/DZ)+1
DO 10 I=1, N2
R1=RSTAR+TANI*(Z1+Z)
AA=(RI1/RSTAR)**2
CALL SMACH (AN, G, AA)
R=(2.0*D/3.1416/AJO/PRO)**0.25%(Z/ AM)**0.5%(1.0— AL*(3.1416*AJO*
1 PRO/2.0/D)**0.5/AM*Z)**0.5
IF(R—Y—R1) 40, 50, 50
40 S=(Y+R1-+R)/2.0+0.0001
THE=2.0*"DATAN({((S—RD*(S—-Y)/S/(S—R))**0.5)
GO TO 60
50 THE=3.1416
WRITE (6, 6)
6 FORMAT (1H )
60 CONTINUE
N1=TFIX(THE/DZ*R1)+1
N3=IFIX((3.1416—THE)/DZ*R1)+1
DO 20J=1, 11
TH=THE*FLOATJ—1)/10.0
THEATA(, J)=TH*57.296
20 PFP(, J)=FP(TH)/COS(TH)
IF(I.NE.30) GO TO 25
DO 22J=1, N1
TH=THE*FLOAT(J—1)/FLOAT(N1—1)
THEAT(J)=TH*57.296
PFP1(J)=FP(TH)/COS(TH)*100.0
22 CONTINUE
NIN=N1
25 CONTINUE
PPS(I)=PS(0.0)
THF=THE*57.296
S1(1)=2.0%(
1 SEKBNI(FP, 0.0, THE, N1)4+SEKBNI1(PS, THE, 3.1416, N3))*R1
WRITE (6, 3) Z, AN, R, THF, PPS(I), PFP(, 1), PFP(1, 11), R1, N1, N3, S1(I)
3 FORMAT (1H , F5.1, F11.4, F11.3, F10.3, 3F12.5, F11.3,217, F12.5)
IF(THE.LE.0.0) GO TO 30
10 Z=Z+DZ
30 SF=SEKBN3(S1, DZ, N2)
WRITE (6, 4) SF
4 FORMAT (1HO, 12HSIDE FORCE=, F8.4, 3H KG/1H]1, 21HPRESSURE DISTRIBUTION)
Z=0.0
DO 701=1, N2, 5
WRITE (6, 5) Z, PPS(I), (THEATA(, 0), J=1, 11), (PFP(, 1), J=1, 11)
5 FORMAT (1HO, 3H Z=, F6.2, 10X, 3HPS=, F8.5/1H , 3HTH=, 11F10.3/tH , 3H P=,
1 11F10.5))
70 Z=Z+DZ*5.0
WRITE (6, 7) PPS(30)
7 FORMAT (1H1, 3HPS=, F8.5/1H , 5(5X, 2HTH, 8X, 1HP, 8X))
WRITE (6, 8) (THEAT(I), PFPI(I), I=1, NIN)
8 FORMAT (1H , 5(2F10.3, 4X))
Z1=71+2.5
IF(Z1.LT.ZO) GO TO 100
STOP
END
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FUNCTION FP(TH)
COMMON /C2/Z, R1, R
COMMON /C3/A, G
COMMON /C4/RO, DZ
COMMON Y, PRO, AL, D, R2, AJO, AN, DX
COMMON GX(201), PX(2, 201), PX2(2, 201)
SR =(R1**2+ Y**2—2.0*R1*Y*COS(TH))**0.5
IF(R.EQ.0.0) GO TO 10
XX=SR/R
J=1+IFIX((XX—1.0)/DX)
R2=RO**2
RSO=PS(0.0)
PA =PSO*GX(J)*(R2— AL*AJO*R**2)/AJO/R**2*(1.0+ (PX(1, J)+ AL*PX2(1, J))
1 *AJO*R**2/(R2—AL*AJO*R**2))
FP=PA*COS(TH)
10 TF(R.EQ.0.0) FP=PS(0.0)
RETURN
END

FUNCTION PS(TH)

COMMON Y, PRO, AL, D, R2, AJO, AN, DX
COMMON /C2/Z, R1, R

COMMON /C3/A, G

COMMON /C4/RO, DZ

COMMON /C5/PO1

PP=PO1%(1.0-+(G —1.0)/2.0“AN**2)**(G/(1.0—G))
PS=PP*COS(TH)

RETURN

END

SUBROUTINE Gl

DIMENSION YO(2), Y3(2), YY3(2), HX(201)
COMMON /BB/H, XO

COMMON Y, PRO, AL, D, R2, AJO, AN, DX
COMMON GX(201), PX(2, 201), PX2(2, 201)
COMMON /C/ZZ(201)

COMMON /C1/Y4(2, 301)

COMMON /C3/A, G

H=DX

X0=1.0

D=H

NX=IFIX(1.0/(—H)+1

YO(1)=2.0/(G+1.0)

YO@2)=(G+1.0)/2.0/G
Y1=(G+1.0)/(G—1.0)

Y2=2.0*G/(G +1.0)

Y3(1)=—(G—1.0)/2.0/G
Y3(2)=—2.0(G~—1.0)

YY3(1)=0.0

YY3(2)=0.0

EXTERNAL Q, F1, F2, F3, F4
NN=3*NX—2

H=H/3.0

CALL RKGN(XO, YO, Y4, H, NN, 2, Q)
DO 100 I=1, NN

This document is provided by JAXA.



The Boundary Layer Separation and Shock Wave Formation due to Esternal Disturbances

100 ZZ(D)=

1 (A+1.0)/(1.0+H*FLOAT(I—1)—Y4(, 1))
CALL RKG(XO, Y1, BX, D, NX, F1)
CALL RKG(XO, Y2, GX, D, NX, F2)
CALL RKGN (X0, Y3, PX, D, NX, 2, F3)
CALL RKGN(XO, YY3, PX2, D, NX, 2, F4)
DO 115 I=1, NX
Y4(1, D=Y4(1, 3*I—2)

115 Y42, D=Y4(2, 3*1-2)

10

1

2

3

Y4(1, NX)=Y4(1, NX—1)
Y42, NX)=Y4(2, NX—1)
HX(NX)=HX(NX-—1)
GX(NX)=GX(NX—-1)

PX(1, NX)=PX(1, NX—1)
PX(2, NX)=PX(2, NX—1)
PX2(1, NX)=PX2(1, NX—1)
PX2(2, NX)=PX2(2, NX~1)
RETURN

END

SUBROUTINE SMACH (AM, G, E)

AM=1.0+0.35*E

CONTINUE

AMO=AM

X=2.0/(G +1.0)*(1.04+ (G —1.0)/2.0*AM**2)
AM=AM—(X**((G+1.0)/2.0/(G—1.0))/ AM—E)/X**((G +1.0)/2.0/(G—1.0))
1 /(1.0/X—1.0/AM**2)

IF(ABS(AMO—AM)/AM.GT.1.0E—06) GO TO 10

RETURN

END

FUNCTION Q(X, X, Y)
DIMENSION Y(8)

COMMON/C3/A, G

GO TO(,2), K

Q =((A+1.0)/G—A*Y(1)/X+(A +1.0)/2.0Y(2)*Y (1))/(1.0— (X—Y(1))
1 *Y(2)

GO TO 3

Q =(A+2.0—G*(A+1.0)/G—A*Y(1)/X+(A+1.0)/2.0¢Y(2)*Y(1))/
1 (1L.0—(X—YD)*Y(2)—AHG—1LO)/X*Y(1)/(X—Y(1)*Y(2)

RETURN

END

FUNCTION FI(X, Y)

COMMON /C3/A, G
F1=Y*(YX(X)+A*YY1(X)/X)/(X~YY1(X))
RETURN

END

FUNCTION F2(X, Y)

COMMON /C3/A, G
F2=Y*G*YXX)+A*G*YY1(X)/X—A—1.0)/X—YY1(X)
RETURN

END

FUNCTION YY1(X)

21
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COMMON /BB/H, XO
COMMON /C1/Y4(2, 301)
I=1—TFIX((XO+0.0001 —X)/H)
YY1=Y4(1, )

RETURN

END

FUNCTION YY2(X)
COMMON /BB/H,XO
COMMON /C1/Y4(2, 301)
T=1—TFIX((XO +0.0001 — X)/H)
YY2=Y4(2, 1)

RETURN

END

FUNCTION YX(X)

COMMON /C3/A, G

YX=((A+1.0)/G—A*YY (X)X +(A + 1.0)/2.0Y Y2(X)*Y Y 1(X))/(1.0— (X— YY1(X)
1 )*YY2(X)

RETURN

END

FUNCTION F3(K, X, Y)
COMMON /C3/A, G
DIMENSION Y(2)
GOTO(,2),K
1 F3=P1(X)*Y(2)+P2X)*Y(1)-YY2(X)/(1.0—-(X-=YYI(X)*YY2(X))*(3.0*G —
1 1.0)/Q2.0*G—1.0)*(G+1.0/(G—1.0)*(YX(X)+ (A+1.0)/2.0*YY1(X)/
2 X=YYIXW)W*EX)
RETURN
2 F3=(PI1X)*Y(Q)+P2X)*Y(D—YY2X)/(1.0—-(X—-YYI(X)*YY2(X))*(3.0*G —
1 1.0)/2.0*G—1.0)%(G+1.0)/(G —1.0)*(YX(X)+ (A+1.0)/2.0*YY1(X)/
2 X=YY1IXN*EX)/G—(A+1.0)/G/(X-YYI(X)*(G—1.00*Y(2)+Y(1))
RETURN
END

FUNCTION F4(K, X, Y)
COMMON /C3/A, G
DIMENSION Y(2)
GOTO(,2), K
1 F4=P1(X)*Y(2)+P20X)*Y(1) + YY2(X)/(1.0—(X— Y Y 1(X))*Y Y2(X))*(—2.0*G
1 J2.0*G—1.00*(YX(X)+(A+1.0)/2.0*YY1(X)/(X—YY1(X))*(1.0—E(X))
2 +(A+1.0)2.0*G*YY1(X)/(X—YY1(X))+A+1.0)
RETURN
2 R4=(P1(X)*Y(2)+P2(X)*Y (1) + Y Y2(X)/(1.0—(X—YY1(X)*YY2(X)*(— 2.0*G
1 JQ2.0*G—1.0)*(YX(X)+(A+1.0)/2.0¢YY1(X)/(X— Y Y 1(X))*(1.0— E(X))
2 +H(A+1.0)2.0*G*YY1(X)/(X =YY 1(X)+A+1.0))/G—(A+1.0)/G/(X-YY1(X))
3 %(G—1.0*Y(2)+Y(1)—1.0)
RETURN
END

FUNCTION P1(X)

COMMON /C3/A, G

P1=—YY2(X)/(1.0—(X—YY1(X)*Y Y2C)*(2.0*G*Y X(X)+(A—1.0)/2.0*G

1 +G/2.0*G—1.0)*(YX(X) +(A +1.0)/2.0*YY1(X)/(X— Y Y1(X))) + (A +1.0)*(G
2 —1.0)
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RETURN
END

FUNCTION P2(X)

COMMON /C3/A, G
P2=YY2(X)/(1.0-(X—Y Y L(X)*YY2(X)*(G*(3.0— 2.0*G)/(2.0*G — 1.0)
I *(YXX)+(A+1.0)/2.0%YYIX)/(X—YY1(X))~A—1.0)

RETURN

END

FUNCTION E(B)

COMMON /BB/H, XO

COMMON /C/ZZ(201)

E=EXP(SEKBN3(ZZ, H, IFIX((XO—B)/(—H))+1))
RETURN

END

2.2 SHOCK WAVE (two-dimension forward-facing step)

HARP 5020 COMPILED LIST
EXTERNAL FORMULA NUMBER—SOURCE STATEMENT
AJO=0.877
AJl=—1.989
AM=2.558
10 V=—AJO*ALI*RRO

AK=(—AJO*AL1)**(—1.5)*SQRT(V*(1.0+V))— ALOG(SQRT(1.0+ V)-- SQRT(V)))
XRO=AM*SQRT(AJO)*AK
RRO=RRO+0.5
WRITE (6, 100) XRO, RRO

100 FORMAT(IH , 2F15.5)
IF(RRO.LT.12.0) GO TO 10
STOP
END

23 Joand

HARP 5020 COMPILED LIST
EXTERNAL FORMULA NUMBER—SOURCE STATEMENT

DIMENSION YO(2), Y3(2), YY3(2), XX(201), X1(201), X2(201), SJ(201),
1 HX(201), GX(201), PX{2, 201), PX2(2, 201), S(201), T(201),
2 PH(201), PS(201), XA(201)

COMMON A, G/,BB/H, XO

COMMON /C/Z(201)

COMMON /C1/Y4(2, 201)

READG, DA, G, H, XO

1 FORMAT(4F10.3)
WRITE(6, 2)A, G, H
2 FORMAT(IH , 3X6HALPHA =, F5.3, 3X, 6HGAMMA =, F5.3, 3X, 3HDX=, F6.3///

1 3X1HX, 9X, 1HF, 13XIHD, 13X, IHH, 13X1HG, 11X, SHPSAI!, 9X, SHPHAII, 9X,
2 5SHPSAIZ, 9X, SHPHAL2)

D=H

NX=IFIX(1.0/(—H))+1

YO(1)=2.0/(G +1.0)

YO(2)=(G+1.0)/2.0/G

Yl  =(G+1.0/(G—1.0)

Y2  =20*G(G+1.0)

Y3(1)=—(G—1.0)/2.0/G
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Y3(2)=—2.0/(G—1.0)
YY3(1)=0.0
YY3(2)=0.0

DO 110 I=1, NX

110 XX(I)=XO+H*FLOAT(1—1)

EXTERNAL Q, F1, F2, F3, F4
NN=2*NX—1

H=H/2.0

CALL RKGN (XO, YO, Y4, H, NN, 2, Q)
DO 100 I=1, NN

100 ZZ(I)=(A+1.0)/(1.0+H*FLOAT(I—1)—Y4(1, 1))

CALL RKG(XO, Y1, HX, D, NX, F1)
CALL RKG(XO, Y2, GX, D, NX, F2)
CALL RKGN(XO, Y3, PX, D, NX, 2, F3)
CALL RKGN(XO, YY3, PX2, D, NX, 2, F4)
DO 115 I=1, NX

Y4(1, D=Y4(1,2*I-1)

115 Y42, D=Y4(2, 2*I-1)

Y4(1, NX)=Y4(1, NX~1)
Y4(2, NX)=Y4(2, NX~—1)
HX(NX)=HX(NX—-1)
GX(NX)=GX(NX—-1)

PX(1, NX)=PX(1, NX~1)
PX(2, NX)=PX(2, NX~1)
PX2(1, NX)=PX2(1, NX-1)
PX2(2, NX)=PX2(2, NX—1)

WRITE (6, 10)(XX(D), Y4(1, I), Y4(2, I), HX(1), GX(I), PX(1, 1), PX(2, D),

1 PX2(1, 1), PX2(2, 1), I=1, NX)

10 FORMAT(1H , F6.3, 8E14.5)

DO 121 I=1, NX

X1(D=(—PX(2, )+2.0*PX(1, D—(3.0*G—1.0)/G*(G +1.0)/(G —1.0)*E(XX(1)))

1 /2.0*G—1.0)
X2(I)=(—PX2(2, )+ 2.0*PX2(%, D+2.0
1 *E(XX(D)—2.0)/(2.0*G—1.0)

S(D=(G*Y4(1, D*XXD)—Y4(1, Dy*HXD)*PX(2, 1) + GX(D)/(G—1.0)*PX
1 (1, D+G/2.05Y4(1, D*2*HXD)*X1(D)*XX(D**A

TM)=(G*Y4(1, D*XX(D)— Y4, D)*HXD*PX22, D+GXID/(G—1.0)

1 *PX2(1, I)+G/2.05Y4(1, DF*2*HX(ID)*X2(D)*XXA)**A

121 CONTINUE

SS=SEKBN3(S, —D, NX)
ST=SEKBN3(T, —D, NX)
DO 130 I=1, NX

AJO=SEKBN3(SJ, —D, NX)

ALAMDA=(SS—1.0/(G—1.0)/(A+1.0))/(AJO—ST)

WRITE (6, 55)AJO, ALAMDA

55 FORMAT(1HO, 9X, 3HJO=, F8.5/6X, THLAMDAI1=, F8.5)

DO 140 I=1, NX
PH(I)=PX(2, )+ ALAMDA*PX2(2, I)
PS(=PX(1, N+ALAMDA*PX2(1, 1)

140 XA(M=X1(I)+ALAMDA*X2(I)

WRITE (6, 60)

60 FORMAT (1H1, 3X, 1HX, 5X, 4HPHAI, 6X, 4HPSAI, 7X, 3HXAI)
WRITE (6, 65) (XX(I), PH(I), PS(I), XA(I), I=1, NX)
65 FORMAT (1H , F6.3, 3F18.5)
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STOP
END

FUNCTION Q(K, X, Y)
DIMENSION Y(8)
COMMON A, G
GOTO(,2),K
1Q =((A+1.0)/G—A*Y(1)/X+(A+1.0)/2.0*Y(2)*Y(1))/(1.0—(X—~-Y(1))
1 *YQ)
GO TO 3
2Q =(A+2.0—G*(A+1.0)/G—A*Y(1)/X+(A+1.0)2.0¥Y(2)*Y(1))/
1 1.0-X=Y()*Y(2)—A¥(G—1.0)/X*Y(1)/(X-=YQ)Y*(2)
3 RETURN
END

FUNCTION FI(X, Y)

COMMON A, G
F1=Y*YX(X)+A*YY1(X)/X)/(X-YY1(X)
RETURN

END

FUNCTION F2(X, Y)

COMMON A, G
F2=Y*G*YX(X)+A*G*YY1(X)/X—A—1.0)/(X—YY1(X)
RETURN

END

FUNCTION YY1(X)
COMMON /BB/H, XO
COMMON /C1/Y4(2, 201)
I=1—IFIX((XO+0.0001—X)/H)
YY1=YA4(, T)

RETURN

END

FUNCTION YY2(X)
COMMON /BB/H, XO
COMMON /C1/Y4(2, 201)
I=1—IFIX((X0+0.0001 —X)/H)
YY2=Y42, 1)

RETURN

END

FUNCTION YX(X)

COMMON A'G

YX=(A+1.0)/G—A*YY1(X)/X+(A+1.0)/2.0¥Y Y2(X)*Y Y 1(X))/(1.0—-(X—YY1(X)
1 )YYY2X))

RETURN

END

FUNCTION F3(X, X, Y)
COMMON A, G
DIMENSION Y(2)
GO TO(1,2),K
1 F3=P1(X)*Y(2)+P2(X)*Y(1)— YY2(X)/(1.0—(X—YY1(X))*YY2(X))*(3.0*G—
1 1.0)/(2.0¥G—1.0)%(G +1.0)/(G—1.0)*(YX(X) +(A+1.0)/2.0*YY1(X)/
2 X-YYIXN'EX)
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RETURN
2 F3=(P1(X)*Y(2)+P2X)*Y (D =Y Y2(X)/(10—(X~YYUXN*YY2(X))*3.0*G—
1 1.0)/2.0*G—1.0)"(G+1.00/(G—1LO)*(YX(X)+(A+1.0)/2.0*YY1(X)/
2 (X—=YYIXNEX)/G—(A+1.0)/G/(X-YYIXN(GC—1.0)*Y(2)+Y(1))
RETURN
END

FUNCTION F4(K, X, Y)
COMMON A, G
DIMENSION Y(2)
GOTO (1,2, K
1 F4=P10O*Y(2)+P2(X)*Y (1) + Y Y2(X)/(1.0— (X— Y Y I(X)*Y Y2(X))*(—2.0%G
1 JQ0*G—1.OYX(X)+(A+1.0)2.0*Y Y1(X)/(X—Y Y 1(X))*(1.0—~E(X))
2 4(A+1.0)/2.0vG*YY1(X)/(X—YY1(X))+A+1.0)
RETURN
2 Fa=(P1(X)*Y(2)+P2(X)*Y(1)+ Y Y2(X)/(1.0— (X~ Y Y1(X)*YY2(X))*(—2.0°G
1 /Q2.0*G—1.0(YXX)+(A+1.0)2.0*Y Y 1(X)/(X—YY1(X))*(1.0—E(X))
2 +(A+1.0)2.0*G*YY1(X)/(X—YY1(X)+A+1.0))/G—(A+1.0)/G/(X—YY1(X))
3 H(G—1.0*Y(2)+Y(1)—1.0)
RETURN
END

FUNCTION PI1(X)
COMMON A, G
P1=—YY2(X)/1.0—(X=YYIX)*YY2X)*2.0*G*YX(X)+(A—1.0)/2.0*G
1 +G/R.O*G—1.0*(YX(X)+(A+1.0)2.0Y Y IX)/(X-YY (X)) +(A+1.00%G
2 —1.0)
RETURN
END

FUNCTION P2(X)

COMMONA, G

P2=YY2(X)/(1.0—(X—-YY1X)*YY2(X)*(G*(3.0—2.0*G)/(2.0*G—1.0)
1 HYXX)+(A+1.0)/2.0*YYI(X)/(X—YY1(X))—A—1.0)

RETURN

END
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Fig.21 Characteristics of Cp with separation position control
( Pc = 40 kg/cm?, vy = 1.20 , ¢ = 80 )

Table 1 300kg thrust liquid propellant rocket engine Cr measurement
( LOX-CHs+OH , y = 1.22 )

Test No] ¢ Nozzle material| F Pa Po/Pa | Crlexpe.) | Co(theo. ) n
kg | kg/cm? . %
1 3.38 SUS 3081 1.04 19.1 1.439 1.399 102.9
2 6.0 FRP 2861 1.05 19.6 1.304 1.352 96.5
3 8.0 SUS 2841 1.04 19.2 1.321 1.314 100.5
4 FRP 287 | 1.04 19.2 1.335 1.314 101.6
5 SUS 270 | 1.04 19.1 1.262 1.280 98.6
6 12.0 FRP 2821 1.05 19.2 1.31 1.280 102.4

Table 2 LE-3 rocket engine Cr measurement ( N,0,-A-50 , € = 26 )

Ac. [Pe(ing) Pa of | 0y | F | G | L |on

Test No-l ez | kg/em? | kg/cm?| Pe(ind)/Pa kg |(expe.)(theo.) %

-2 [
kT-017 | 268.72| 11.75 | | ;}g 855.9 | 1.496 | 1.235 | 5502 1.743 | 1.785 | 97.65
KT-028 [268.72] 11.78 1 0.965 | 1220.7  |1.510 | 1.235 | 5519 1.743 | 1.795 | 97.10

KT-029 |268.72| 11.75 |1.155 1017.0 1.504 | 1.235 {5516| 1.747 | 1.791 | 97.54
KT-034 1268.18| 11.74 | 1.454 807.2 1.522 11.235 [ 5502} 1.741 |1.784 [ 97.59
KT-039 |268.18| 11.74 | 1.645 713.8 1.517 | 1.235 {5502 | 1.741 | 1.780 | 97.81
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lowerl part of nozzle-wall )
L ls |

Fig.22 Shock waves induced by obstacles
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Fig.23 Overexpanded nozzle
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Fig.25 Test stand
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Fig.26 Pressure distribution measurement ( Pc = 19.8 kg/em?, e = 12 , y = 1.22 )
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Fig.27 Pressure distribution measurement on the nozzle wall with hole at
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Fig.28 Pressure distribution measurement on the nozzle wall with hole at € = 6.0
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Fig.29 Pressure distribution measurement on the nozzle wall with hole at

€=7.4

This document is provided by JAXA.



The Boundary Layer Separation and Shock Wave Formation due to Externel Disturbances 41

analytical result Cr with hole at the position of pressure Py
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1.5
/ S : sum of hole area s ( S = n-s )
Ce / X : experimental results
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1.2 experimental result of Cp with no hole
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Fig.30 Cr measurement of nozzle with hole
( Pc = 19.8 kg/cm?, Py =1.0 kg/cm?, ¢

n

12, y=1.22)

Fig.31 Shock wave induced by a cylindrical obstacle ( h=12)
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Fig.32 Shock wave induced by a two dimensional rectangular block obstacle ( h=10)
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Fig.33 Normalized radius of the shock wave induced
by cylindrical type obstacles
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Fig.35 Pressure distribution
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Fig.36 The experimental result of the side force
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Fig.37 The nozzle with actuator of an obstacle
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Fig.38 The side force (¢ =3.7, f=1.3cps)
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Fig.39 The dependence of side force on the parameter A
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Fig.40 Frequency response of side force
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Fig.41 Rupture strength of refractory alloys in 100 hr.
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Fig.44-1 Liqud propellant rocket engine with rod hight control system
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Table 3 Chemical composition of the refractory materials (%)

Material Fe Cr Ni Co Mo W Cd C Ti Al N Mcling point  Speaific

(C) gravty
Fe base SUS 27 Bal 18 8§ - - — - 006 — - - 650 ~ RO 7.89
Fe base S25C Bal - - — — ~ — 025 - — - 650 ~ ROV 78S
Fe base SEHS Bal 25 20 — - - — 0.2 —_ - — 1396 ~ 1404 7.86
Fe base N-155 Bal 20 20 20 3 25 1 012 — — 012 1274 ~ 1357 8.21
Cr base CM-554 25 Bal — — 5 - — - 2 - - 1580 ~ 1648 7.85
Co basc S-816C I 20 20 Bal 4 4 4 04 - - — 1307 < 1343 858
Ni base Nimonic %0 - 20 Bal 18 - - - = 215 — 1384 ~ 1400 822
C basc graphite G-1{3  — — - — - - — Bat - — — 3500 225

- - = - - 99 - = - - - 3410 18.9

W base tungsicn

Table 4 Experimental result of refractory materials

Materiai h (mm) Alimm) AV ( caf)

Sus 4.6 4.1

S25C 5.7 54 0.270
SEHS 54 5.0 0.240
N-15§ 54 5.0 0.242
CM-554 53 45 0.179
S-816C 54 49 0.323
Nimonic 90 54 4.7 0.238
graphite G-113 54 broken broken
tungsten 54 0 0
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Fig.46 Analytical results of the side force

This document is provided by JAXA.



50

TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-447T

obstacle R
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Fig.47 The mark of the shock wave on the nozzle-wall

x  experimental result
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Fig.48 The radius R of the shock front in the nozzle
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Fig.50 The pressure distribution on the cross section of the nozzle-wall and its integration AF,
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