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All figures, graphics, tables, equations, etc. merged into this
translation were extracted from the best quality copy available.
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ADVANCES IN THE STUDY OF SEPARATED FLOWS =

by -" Y

ZHANG Hanxin
(Chinese aerodynamic Research and Development Center)

ABSTRACT .

This paper briefly reviews the separation criteria for two-

dirensional unsteady flows and three-dimensional steady viscous

flows, and discusses the flow patterns near the separation point T}%
or the separation line. 4An introduction of the authors work b;:
: is given, g&
1. INTRODUCTION e
During the past decade or so, much attention has been paid ?;
to the studies on separation flows with a need in the development EE‘
of motor vehicles. Two interesting subjects among these studies E;;
are the origin of separation and the characteristic features E;:
of the two-dimensional unsteady and three-dimensional steady flows. ST
Moore(1957) (1), Rott(1956)(2) and Sears(1956)3) pointed out in :;
late 1950's trat the Prandtl's separation criterion for two- Ei
dimensional unsteady flow was no longer valid for two-dimensional é;
¥
Received September 20, 1984. ;'
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unsteady flow. Instead, they independently proposed later the so-
called MRS separation criterion (the velocity cross section near

the corresponding separation point is called the MRS cross section).
Then, Sears and Telionis(13971)(4) vpointed out that solution to the
unsteady boundary-layer equation exhibited a Goldstein-type sin-
gularity at separation. From that, the "singular point separation
criterion" was proposed. Vidal(1959)(5) and Ludwig(19€4)(6)
verified the MRS criterion in a steady flow exveriment on a moving
wall., The MRS criterion and the singular point separation criterion
were also verified under the downstream-moving wall conditions (or
the wall did not move, but the separation point moved upstream) by
Telionis and Werle(1973)(7) in numerical solutions to the steady
boundary-layer on a downstream-moving wall; by Telionis, Tsahalis
and Werle(1973;(8) with the difference solution to the unsteady
Howarth's linear deceleration boundary-layer; and by WwWilliams and
Johnson(1974)(9), Williams(1981)(10), and C. T. Wang and S. F. Shen
(1978)(11) in the semisimilar solution to the Howarth's linear
deceleration-type and Falkner-Skan-type unsteady boundary-layers.

In the case of upstream-moving walls, however, the MRS criterion

was not verified by Danberg and Fansler(12) with the similar solu-
tion to the steady boundary layers; by Tsahalis(13) in the numerica’
solution to the unsteady boundary layers; and by Inoue(14) with the
numerical solution to the simplified NS equation. Recently, Tommelen
and Shen calculated the instantaneously-starting boundary-leyer flows
on a cylindrical surface using Lagrange's method. They found that

when the cylinder moved from the starting point through a distance,

0.75 of its diameter, a singular point appeared at 1117° from the

-~

o

.:grr‘: ‘:J:J:l:‘ ' ..' e,
L LA

'|H
.l

A .‘,
AN

RN ., |'A7ll."-
» * te ‘s Uy e

PR
f ' + 4 IR R
-5 Y d B
[T

«

A
-

.. .,,...._
T
3 -

PN .
ST,
ey “r Nt My

1




front stagnation point, then moved forward along the surface at a
speed 0.52 times that of the cylinder, and finally stopped
at 104.5° steady position. They also found that although the
criterion could serve at the singular point, the friction stress
curves were smooth and even, while the displacement thickness
increased dramatically. Therefore, the singular point was not of
the Goldstein-type, which was controlled by the wviscous friction
force (also called a viscous singular point), but of another tyve,
which was called inviscid singular point. K. C., Wang's unsteady
similar calculation has confirmed Dommelen and Shen's results to
some extent. However, according to Cebeci(18), Dwyer and Sherman
(19), within a limited period of time, there is no singular point
in an instantaneously-starting cylinder.

In 1950's. research work was conducted on the origin of

separation and the boundary line (separation line) patterns in the

separation region for three-dimensional steady flows. To date, a
lot of theories, experimental work(20-27), and review papers(28-30)
are available on the topic. However, Brown. and Stewartson(28), and ‘zi“
williams(30), et al. pointed out that there still existed a lot of RO

controversy on this subject. For example, about the characteristice 'l

of the separation line, LEichelbrenner and Cudart(31); lFaskell(20); EE?
and K. C, Wang believed ealier that the separation line was an en- %ﬁé
velope of the limiting streamlines on a wall. However, according to fi;b
Legendre(21,32), Lighthill(22) (who developed the concept of fric- iéé
tion force lines which are usually considered to be equivalent to ié%
the limiting streamlines) and tfiunt(33); and Tobak and Feake(34-2¢), ‘LQ;

a separation line 1s a limiting streamline on the wall and excent

-3a




for the singular point, it is impossible for the nearby limiting

streamlines to intersect the separation line which is a "convergent
asymptote" within a limited distance. Also, Brown and Stewartson(28)
questioned the possibility for the separation line of the flow des-
cribed in the boundary-layer equation to exhibit a Goldstein-tyve
singularity similar to the separation point of the two-dimensional
unsteady flow. Recently, Cousteix's work using approximate integrel
relation techniques shows the possibility of exhibiting such a sin-
gularity.

The origin and terminal of the three~-dimensional sevaretion
line are other interesting topics. Legendre (21) and Lighthill (22)
suggested that the origin of the separation line should be a saddle
point, while Maskell(20), K. C. Wang(24), et al. found through their
experimentation and calculations that there were two types of sepa-
ation origin: bubble and vortex-layer separation, as defined by
Maskell; open- and closed-type separation, as defined by K. C. Wang;
and the integral and partial separation, as recently defined by
Tobak, Peake, gt al. For bubble or closed-type (or integral) sepa-
ration, the origin of the separation line is actually 2 saddle sin-
gular point, but the origin of vortex or open-type (or partial) sep-
aration is not a singular point. Research on the termination of the
separation line shows that, except for the singular point of zero fric-
tion gstress, the separation line changes CoOntinuously, and when it meets
a focus or a node, the line terminates at such a singular voint.
Because of the connection of the singular point with separation,
legendre(21), Oswatitsch(23), and Lighthill(22) studied the singular

point distribution on a material surface using topological techniques,




Hunt(33), et al. extended the material surface singular point

and topological analysis to include body cross-section in the out-~
side flow field, and proposed semi-nodal and semi-saddle voint con-
cepts. Tobak and Peake(34) further investigated the applicebility
of topology to the three-dimensional separation flow and put for-
ward topological structure and structure stability theories(ES,éé).
ihe authors(38) and Liu Noujie, et al. also anslyzed these singular
points.

In summary, the following questions concerning the origin of
separation and the patterns of the two-dimensional unsteady and
three-dimensional steady flows need to be answered,

(1) For two-dimensional unsteady flow, are MRS criterion and
the singular point éeparation criterion universal and equivalent to
each other? Does the singular point given by the singular point
separation criterion exhibit viscous or inviscid behavior? Does
the separation singular point appear after a limited duration of
time?

(2) For three-dimensional steady flow, what are the sevazration
conditions? 1Is the separation line an envelope of the wall limiting

i streamlines or an asymptote of the limiting streamlines themselves
and nearby ones? Does the separation line for the flow described in
the steady boundary -layer equation exhibit a singularity? How does

| the separation line originate and terminate? Wwhat are the singular
point distribution and the separation line patterns at the singular
point?

Moreover, according to K.C. Wang's analogue sevaration criter-

: ion, under certain conditions, the two-dimensional unsteady flow can

c
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be analogized as the three-dimensional steady flow, and the sepa- oy
ration criteria for the two-dimensional unsteady flow and three- . 5;2
dimensional steady flow should be transformed from each other. Ei%
It is worth investigating if a transformation of the separation ‘ Ei}

criteria now available for the two types of flows can be performed.
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The objective of this paper is to discuss and review the
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above-mentioned problems, and to introduce the zuthor's wnrk on

S

the topic.
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2. TWO-DIMENSIONAL UNSTEADY FLOWS ;Cﬁ
Sears, lroore and Hartunian pointed out the similarities be-
tween unsteady flow over fixed walls and steady flow over moving

walls., Sears defined separation of two-dimensional unsteady flow as

"the appearance of the stagnation point and the separation line N
which separat~s the boundary layer and the wake in a coordinate sys- !gﬁ
ter moving with the separation point"(see literature (3-13)), %ﬁ”
e
According to this definition, a separation point is of stagnation Igf
type. ['oore, Rott and Sears have also provided the flow patterns ?;i
R

near the separation point (+RS sketches), as shown in Fig. 1. In
the figure, (2a) corresponds to steady flow over fixed walls, and e

(b) and (c) corresvond to the moving wall condition. After a care-

ful analysis, C'Brien pointed out in 1981 that unsteady laminar
cseparated flow exhibited three patterns which were similar to thcse RGN
of a steady flow, as shown in Fig. 2. When only the vicinity of
the stagnation point is considered, three QO'Brien's patterns are
completely consistent with the XS sketches, [lost studies on two- f&
dimeneional unsteady separated flows todzy stert with this defi-
nition of sevarztion and thege cenaration sketcher,

-
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Fig. 1 MRS’ sketches
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Fig 2 Separation shetches gives by O Bries
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In the two-dimensional unsteady separated flow studies, one

: of the important topics is criteria for separation. The followine
are those suggested in the literature,.
- (1) MRS (lMoore, Rott and Sears) criterion(1-3)., Conditions
. for separation to appear are that at the separation point
wwo (%) - 2.0

where u is the velocity component in x direction; y, the direction
perpendicular to the material surface; and xoy, the coordinzte sys-
tem moving with the separation point.

(2) O'Brien's criterion(42). The separation conditions are
that at the separation point

w=0  o=(-2) -0 (2.2)

Ty

where v is the velocity component in y direction.
(3) Singular point separation criterion (Sears and Telionis)
- (4). The separation conditions for the flow described in the

toundary-layer equation are

- [ 8T
weo o () (2.7)  2r4

tress, namely, the seneration pnoint

where T is the partial shear

LA,
6]

ie a Goldstein-type singular point.

s

(4) Singular-type parameter criterion (Fansler and Danberg)

(42). Condition for the btoundary-layver separation is that at the

167]

eparation point
>

aHY .,
. dK /s (2.4)
. wnere T is the ratio o displacement thicknese of the boundary layer
- to the momentum thickness; and k, the ratio of the energy thickneess

t> the momentum ihicknees.

(%) Anzlopue separation criterion (K. C. wang)(17) ctates that




for two~dimensional unsteady flow, the separation criterion can be

Y S

established based on that for three-dimensional flow.
In addition, C. T. Wang and S. F. Shen(11) also provosed a

separation criterion which is similar to MRS criterion.

T 2ai ]

Many investigators have been devoted to examining and evalu-
ating the above separation criteria. It is generally accepted that
MRS criterion and zero vortex criterion are valid under conditions
- with flow over downstream-moving walls, but lead to erroneous re-
sulte in cases of flow over upstream-moving walls; zero vortex
criterion is not valid especially when the streamlines vassing
through the separation point are not normal to each other(42).

The singular point separation criterion and singular-tyve parzmeter
criterion can only ve applied to certain boundary layer flowse. Thre
analogue separation criterion is also dependent on the criterion
for separation of three-dimensional steady flow, which is still

under discussion. In view of the above-mentioned facts, we studied

N L (R

the separation of incompressible viscous flow using sirgular point
theory for aifferential equations based on Sears' definition of cep-
aration, and give the following conditions for cevaration(40,41):
(1) In a viscous flow field, if Up=v,=C at point "~", and
e o8 2
B Fa(?)o ( ( 3y /o (2.5
' is satisfied, then point "o" 1s a separation point. If F<?, point
"o" is not a separation point. tilere, xy 1s the coordinatec system

moving with "o", and u and v arec velocity comnonents.

(2) If ug=vy=" and ¥=0 at point "o", and 2,=" and

f (¢ +R")/q*= 0 (")
3 are satisfied, where q,<'Cn>’__§~ B, C _ 1 4 C,V ./ B
- D 2D, D, CR=—{7 )+(~—D—:—)#o
- =
N
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and A,= (d%/ex),, B,=(d%/ox*),, C,=(d%/oxay),, D,=(o%s/oy*), , then "o"
is a separation point.

Based on this study, we can draw the following conclusions
(41):

(1) From condition (1), there exists a zero u line (u=0) vass-
ing through the separation point. This is corresponding to the MRS
sketch in Fig. 1(b). ~From condition (2), there are two zero u lines
passing through the separation point, which correspond to the RS
sketches in Fig. 1(a) and 1(c).

(2) If the MRS conditions hold at point "o", and (JﬂL)°==0
then condition (1) must be satisfied and point "o" ig a separaticn
point. Thus, condition (1) contains MRS criterion. In this case,
one of tne slopes fdr streamlines passing through "o" is infinity
(here (#8/ox0y)s jis not an infinity). Another slcpe is-é-(%-)ﬂ /(—%—).,.

(3) If zero vortex criterion holds at point '"o" and (ﬁgf)f¥o
or (:—;).#o, , then condition (1) must be satisfied and "o " nmust
be a separation point. Thus condition (1) contzins zero vortex
criterion,

(4) For the separated flow which satic-fies condition (1),

two strearlines passing through separastion point "o" are ot normal

v 29_ = (
to each other, except that Qf‘(;;),” 3y /o T,

ou a*u
(5) For steady flow over a fixed wall, if (W),’oa(axay). >0,
is saticfied at point "o" on the wall, then condition (2) is satic-
“ied, Thus, point "o" is either a sceparation point or an attacn-
ment point., This is the Prandtl's criterion for steady flowe,
({) For flow descrived in the boundary layer eaquations, if
N

at point "ol

-1M=
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Hy=v,= 0 (o8/ay)e= 0

-
and (ow/ox),=(ov/ox),= 0, , then "o" is generally z Goldstein-type scin-
gular voint, and condition (2) is satisfied. Therefore, "o" ir =2
separation point, and the slope of one streamline passing througn
"o" is infinity. This is singular point separation criterion.

(7) For the separated flow satisfying condition (1), MRS anc
zero vortex conditions are not necessary. But, it is necesszry for
the separated flow satisfying condition (2).

The above conclusions tell us the following:

(1) The separation criterion conditions based on Sears!
definition divide flows into two categories: one with a zero u line

and another with two zero u lines. These are consistent with toth

e
>

P
.

MRS and O'Brien sketches.
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(2) The MRS, zero vortex, singular point separation and

B i

*y

Prandtl's criteria are all included in our separation conditions.

(3) For separated flows with one zero u line, the conditions

set for MRS and zero vortex criteria for separation are ample but
not necessary. Thus, these flows can not represent all kinds of
ceparated flows. For separsted flows with two zero u lines, the
conditions set for MRS and zero vortex criteria are necesszry but
not ample. The points where these conditiones are satisfied are not
necessarily separztion points. In a word, RS and zero vortex
criteria are not universal. When cealculating steady flow over a
downstream-moving wall, many workers found that the MRS conditions
held in most cases. This is becazuse flow with two zero u “ines
appears in most cases where MRS conditione are necessary. It is =lso

found that when steady flow over an upstream-roving wall was cal-
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culated, the MRS conditions did not hold in most cases where flows
with a zero u line most likely zppeared and the MRS conditions were
not necessary.

(4) In the case of separated flow described in the boundary-

\N
D
(o)

layer equation, if flow shows two zero u lines and the MRS conditions

hold, the separation point is generally a Goldstein-type singular

point (viscous singular point). In this case, RS and ginguler voint

separation criteria are basically equivalent. However, if flow shows

one zero u line, and the MRS conditions hold, inviscid singular »oint
N appears with the slope of a streamline passing through the sevzration
point being infinity. Therefore, the singular point separation cri-
terion is not universal. When the MRS conditions hold, either vies-
cous or inviscid sihgular point may appear.

(5) O'Brien's thinking is correct. Xe believes that when the
streamlines passing through the separation point are not normzl to
each other, zero-vortex conditions are not satisfied.

3. THREE-DIVENSIONAL STEADY FLOWS
3y Before three-dimensional steady separated flows over fixed
walls are investigated, separation line needs to be defined, 1In
literature, such sketches as shown in Fig. 3 are often used to il-
lustrate the separation line geometrically. The separetion line is
the intersection of the separated-flow surface and the materizl sur-
face, and fluid at both sides of the surface flows upward elong the
surface. With separation line defined in this way, it is not cor-
rect to use zero friction stress as a criterion. Recently, two
prevalent separation criteria, envelope and asymptote limiting

streamline criteria are =till under discussion. The necessary con-

-12-
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ditions proposed by Bai-Zelikovin (44) for three-dimensioneal
steady boundary-layer separation, T¥e-gradp=0, &, - gradp>0 ’

where %w is the wall friction stress vector; p, the pressure; and

ﬁe, the velocity of the outside boundary layer, have not yet ver-
ified experimentally. It is not correct either that the line where
the absolute value of the friction stress is minimum is considered
as the separation line. It is, therefore, essential to further in-
vestigate conditions for determining the three-dimensional steady
flow separation and the flow patterns near the separstion line.

We have studied this subject and established the following conditions

for determining flow separation and the separazted flow attachment

using above definition of the separation line:

Fig. 3 Illustrating the sepsration line

1= streamline; 2-material surface; 3- separated flow surface;

4-ceparation line; S-limiting streamline; €-material surface;

T-separated flow surface; 8-separation line; 9-limiting stream-

y line; 10-streamline, .

ORI AR A A A R
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(1) Assuming that xyz is the coordinzte system for the normal

:

!

d

.

. )
o curves, where y axis is the separation line; and z axis, the normal \;
i of the material surface, when flow separation appears, the following f
E conditions at any point "o" on the separation line are satisfied: >
) (ouforyym 0 (Pa/axo2),< 0 (2.1) 3
4 where u is the velocity component in x direction ( the normal of ?T
the ceparation line). OQbviously, ecuation (3.1) is an extension of g
two-dimensional Prandtl's criterion. E,

(2) When the separated flow attaches the material surface, ;;

the following conditions hold at 2ny point "o" on the attachment :é

i line: ;2
0 <(zexe/me) 0 ="(ze/ne) (.2) -

It should be noted that conditions (3.1) and (3.2) hold for NS i

i equation and for the flow described in the boundary-layer equation. jf
jz By using the above conditions, we can draw the following con- zn7 E?

Ei clusions: fi;

(1) For the flows described in NS equation, the sevaration :?}

line ie a limiting streamline; The limiting streamlines around the E;
separation line converge upon it and take it as their asyrptote i:

(Fig. 4(a)). f

(2) For the flow described in the boundary-layer equation, i;

flow generzally exhibits a Goldstein-type singularity in the normel ;;f

direction of the separation line, and the separation line is the KEL

; envelope of the limiting streamlines (Fig. 4(c)). Eii
E (3) For the flow described in NS equation, the attachment gi

f' line is a limiting streamline, the limiting streamlines in ite ;%
- vicinity taking the zttachment line 2s their esymptote and generally i;

ta-

. N
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Fig. 4 Limiting streamline patterns mear separation and attachment lines
(a) Separation line for NS equation; (5) Attachment line for
NS equations (¢ ) Separation line for boundary layer equation.

1-1limiting streamline; 2-separation line; 3-a2ttzchment line.

diverging outward (Fig. 4(b)).

For Newtonian fluid, since the limiting streamlines are fric-

tion stress lines, the above drawn conclusions are also adapted to the .

friction stress lines.

N

“ased on the 2bove conclusions and by solving the boundary }%{(

v

layer equation, C. K. Wang, et al. inevitably arrived at the con- ?ﬁf
b

clusion that the separation line is an envelope of the limiting

streamlines., 3y solving NS eqguation as *the starting point, however,

et
LR
.

-
’

it can be concludd thet the separation line is a2 convergent asyro-

e,
2l

tote of the limiting streamlines in the vicinity of the separestion g;
line. In this sense, therefore, Legendre and Lighthill's ideas
are also correct. The reason for this is that the boundary layer
approximation results in a singularity of the solution at the seva-
ration line, so that aberration of the limiting streamlines occurs
and the separation line which should orizinally be a convergent
asymptote of the limiting streamlines under a real condition changes

-15-
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to an envelope of the limiting streamlines.

In addition, we have discussed the origin and development of
the separation line and attachment line, and pointed out that the
origin of the separation line assumes two initial states, as shown
by Maskell. and K. C. Wang: (1) Being originated at a normal point
with a nonzero friction stress component. In this cese, the sepz-
ration line behind the origin is a monotonic smooth curve (Fig. S
(b)). The streamlines ahead can pass through both sides of the
curve. (2) Being originated at a singuler point, where the fric-
tion stress component is zero. In this case, the separation line
behind the origin encircles a separation region (Fig. 5(2)) and
separates the streamlines ahead from the region. During the back-
ward development of the separation line, this line extends back-
ward until a singular point appears, and terminates at the sin-
gular point in a certain state. Based on the singular point theory
for a differential equation, it can be verified through anslyzin
the pattern of the limiting streamlines in the vicinity of the sin-
gular point on the separation line that if the origin of the separation
line is a singular point, the line can only be of saddle-tyve, and
if the terminal of the separation line is a singular point, the
line should be of node- or focus-type.

For the attachment line, the corresvonding conclusions can
also be drawn: if the origin is a singular point, the line should
be of node- or focus-type; and if the terminal is a singular point,
the line should be of saddle-type. It can be verified that focus

on the separation line or attachrent line is a pressure extreme

point. Obviously, the singular voint is closely related to the

........................................................................
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separation line pattern. It is, therefore, significant for the
separation line studies to investigate the distribution of singular
points on a body surface. At the beginning of 1960's, Davey(46) and
Lighthil11[22] pointed out that the singular point distribution of
the limiting streamline equation obeys the following topologicel
rule: on the surfzce of a monoconnection body, the total number of
the nodes and focal points is 2 more than that of saddles. ILater,
the topological rule extended from flow over a wall to thet beyond
the wall. Smith(47), Hunt(33), Tobak, Peake(3€), et al. have voint-

ed out that when z monoconnection body is immersed in a flow which

is homogeneous at infinite distance:
(1) Assuming that a monoconnection body is constructed by
three-dimensional tody, b and a flat wall, P, and that P is either 2n

infinite or ring-like surface, then on surfzces % and r, the nurter

of singular points on the limiting streamlines satisfies

(EMN)~(55))pwm o |~ How = EE-Z (3.3)

where 1=-total nurber of the nodes and focal points; and 2-total
number of saddles.
On
(2), the two-dimensional cross-section cutting a tnree-dimen-

sional body, the number of the singular points on the streamlines

satisfies (2N+—1— SN’ ) - (2S+ _1_25')=_ 1

e ]

[ . £ __
N "
BX

2

T 13 1]

Anm ol — ¥
[ 5°9-% ) (3.4)
where 1-total number of nodes and foczl points beyond the outline of
the material surface; 2-total number of nodes and focal points on
the outline of the material surface (also called the totzl number

of seminodes and semifocuses); 3-total number of saddles beyond the

-17-




outline of the materiasl surface; and 4-total number of the saddles on
the outline of the material surface (also czlled total nurmber of
semisaddles).

(3) If flow around & three-cdimensional is of cone-type, then
on the spherical face whose center is the cone-tyve flows, the num-

ber of singular points on the streamlines satisfies

x
( SN+ IN )—( sS+ —;—ES’)- 0 (2.%)

‘¢
¢

P
@ % w
W5 SMANEMR
Fig. 5 Origin of the separation line
¥y
— ®) \
y
€a) P>
N N
L 4

6 FREAH-FEA4KRELNBRRR

Fig 6 Limiting streamline patterns on the hemisphere—cylinder—plane plate
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where the meanings of N, S, N', and S' are the same as mentioned

above. As an example, [Fig.6 gives the distribution of the fric-
tion force lines and singular points of the flow around a hemisphere-
cylinder erected on a surface, which is obtained by solving NS
equation(48). Fig. 6(a) shows the distribution of the friction
force lines and singuler points on a surface. In this case, the sin-
gular point on the intersection of the cylinder and the surface is
a semi-singular point. As shown in the figure, IV=4. IV'=9, 55=3,
SS' =4, thus, (EN+ - 3N )-( 35+ 3-35) = -1 | wnien satis-
fies topological rule (2). Fig. €(b) is the distribution of the
singular points on the hemisvhere-cylinder surface. If the
hemisphere-cylinder, B and the bottom surface, P are considered as
an inte;ral whole, their intersection is the tie-line of the inner
points on the surface. As shown in the figure, 3SN=9,3S5=9 ,
thus, (SN—35).=0,) | which satisfies topological rule (1).
4, K. C. WANG'S YETHOL AND REIATION BETWEEN TWO-LIIENSIONAL UNSTEALY
TLCW AND THREE-DIFZNSIONAL STEAILY FIOW
According to K. C. Weng(17), if the time variatle, t for two-
dimensional flow is trezted as a varisble of space, a three-dimen-.
eional flow can be obtained. The equation describing the wall
limiting streamlines for such a2 steady flow is
dx 'dt=1(8u/32)s.0A2 (4.1)
where z is the coordinate system perpendicular to the material sur-
face; u, the velocity component on the wall in x direction; Az, the
step of the calculation mesh. K. C. Wang obtained the pattern of
the wall limiting streamlines using equation (4.1) with the numer-
ical solution of the boundary layer equation, and calculated the

-19-
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position of the separation line (Fig. 7), based on the envelope
criterion. According to K. C. Wang's method, the above-given
separation conditions for two-dimensionzl unsteady flow and three-
dimensional steady flow should be transformed from each other.

This section will discuss such a transformation.

Fig. 7 Flow pattern gear the separa tion line

The above coordinate system and terminology are used herein
and w is assumed a2s the velocity component in z direction; p, as
the fluid pressure; p, the density and ¥, the dynamic viscosity,
and . .

v-—L-Az y-(Tt)Az (4.2)
are introduced, where u, is characteristic velocity of the flow
field and L is the characteristic length. If pressure is a func-
tion of x only, then @p/at=0 ., Thus, the boundary-layer counled

egquations for two-dimensional incompressible unsteady flow can be

completely transformed into those for three-dimensionsl steady

flow.
ou v ow
( ax oy + 74 0
ou u ou 1 ap '
U — 4 p = - =
ox ay tU: P ax TV o (4,3)
9 . /
“ +v W g 1 op 9
ox dy az P ox ozt
-20-
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Except that the initial condition is y=0 (t=0), the corresvonding

boundary-layer conditions are zm) wu=w=0, v =_"I::,Az
8.
>0 U -»y, P =y, = Az (4.4)

L

By transforming equation (4.2), the limiting streamline

N
N
(@&}

equation on the wall is

P

d; B L T az

e s (4.5)
It is not difficult to verify thet equation (4.5) is the sare as
equation (4.1).

The following discussion ies based on an zssumption thatdz is
very small (approaches zero) and y is limited, which is equivalent
to the condition where t is very large. Using the same technique
in section 3 to investigate the transformed three-dimensional
steady flow, the separation conditions (on the separation line) are

(-g:- )o-_-—'-‘l-“— ctg @ (s%sina )°<0 (4.€)
where X is the coordinate perpendicular to the separation line;
and of is the angle betweer the separation line and x axis.

According to the separation conditions (4.6), we will easily
obtazin the pattern of the streamlines near the separation line, as
shown in Fig. 7.

On the other hand, for =wo~dimensional unsteady flow, sepa-

ration conditions (1) and (2) are given in section 2. Whendz is

very small (approaches zero), it can be concluded that these two

u ox
cen be obtained, where h is the distance frorm the separation point

conditions are just equivalent to (4.€), and %%_dga=_._l_ LS

to the material surface. This shows that according to K. C. Wang,
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the above-given separation conditions for two-dimensional unsteady
flow and three-dimensional steady flow can be transformed by each
other,
5. SUMMARY

This paper reviews the recent studies on the criteria for
sevaration of two-dimensional unsteady flow and three-dimensional
steady flow and the characteristic features of flow in the vicinity
of the separation point and the separation line, points out the
existing problems and introduces results of the suthors work on the

topic to date, which may be helpful in solving the existing problems,

In order to further investigate the universality of these results,
it is necessary to perform numerical experiments on flows,

However, the scope of the present paper is only limited to the
neighbourhood of the separation point in the case of two-dimensionzl
unsteady flow and in the vicinity of the wall separation line for
three-dimensional steady flow. Since separated flows usually in-
volve larger flow fields, it is, therefore, essentizl to further
investigate the space structure of the separated flows. Finelly,
since separated flows and vortex motion are related to esch other,
an understending of this relationshiv is of significance to

engineering calculations.
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LONGITULINAL STABILITY ANALYSIS OF
ELASTIC VEHICLES

by

Chen Shilu, Chen Xingjian, Yan Hengyuan and Huo Xiufang

(Northwestern Polytechnical University)

ABSTRACT

The longitudinal stability of elastic vehicles is studied with the effect
of aercelasticity considered. The transfer functions of an elastic vehicle
with the first, second and third elastic modes taken into account are de-
rived from the equations of its longitudinal disturbance motion. The fo-
rmulas obtained can be easily used on computers and extended to cases
with higher elastic modes.

The effect of aeroelasticity on the longitudinal stability of a vehicle
is investigated. and a method for choosing the proper position of the
gvro is proposed. Finally, the aeroelastic effect on the values of aero-~
drnamic derivatives is estimated.

The conclusions drawn from the analysis are as follows,

(1) The aerocelastic effect on the stability of a vehiéle is mainly due
to the effect of the first elastic mode, while the effects of higher omes are
relatively of less importance.

(2) From the viewpoint of securing stability, the gyro should be lo-
cated behind the valley of the i™ elastic mode if the generalized force
Fi. and control moment M. for unit control deflection possess the same
sign, and ahead of the valley if Fin and M, possess opposite signs. In the
case of the investigated vehicle the gyro should be located behind the va-
lley of the first elastic mode and ahead of the valley of the second ome.

(3) The elastic aerodynamic coefficients for the investigated vehicle
have values about 10~20% different from those of the corresponding rigid

vehicle.

Received ray 29, 19&4.
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NCVENCLATURE

Zy Aerodynamic force derivative in 2z direction caused by the

normal impact speed.

Aerodynamic force derivative in z direction caused by the

angular speed of pitch.

Zy Aerodynamic force derivative in z direction caused by

deflection of the control mechanism,

Zny Aerodynamic force derivative in 2z direction caused by the

generalized displacement of the ith bending mode.

Aerodynamic force derivaetive in z direction caused by the

generalized displacement velocity of the ith bending mode.

€i Damping coefficient of the ith bending mode structure.

Fig Generalized aerodynamic force derivative of the ith bending

mode in z direction ceused by the angular speed of pitch.

F;w ‘Generalized aerodynamic force derivative of the ith bernding

mode in z direction caused by the normsl impact speed.

Fis Generalized aerodynamic force derivative of the ith bending

mode in z direction caused by deflection of the control ?t
mechanism. é%

Fi% Generalized zerodynamic force derivative of the ith bending ;;
mode in z rirection caused by the generalized disvlacement :fj

of the ith bending mode. tf?

Fiﬁ Generalized aerodynamic force derivative of the ith bending s
rode in z direction caused by the generalized disvlacement ' ﬁ&:
velocity of the ith bending mode. §§

Yo Longitudinal moment derivative caused by the normal imoact ﬁg
speed. E§§

e
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Mq Longitudinal moment derivative caused by the angular speed
of pitch.
NMw Longitudinal moment derivative caused by the rate of the

impact sveed.
N”i Longitudinal moment derivative caused by the generaslized
displacement of the ith bending mode.
Mﬂi Longitudinal moment derivative caused ty the generalized
‘ displacement velocity of the ith bending mode.

Phi Tongitudinal moment derivative cazused by the generalized

displacement acceleration of the ith tending mode.

1. INTRCOUCTICN z22

In the longitudinal stability studies, some investigators1’2
have considered an elastic vehicle as a structure where a rigid
vehicle is in parallel with an elastic mode. In such a2 structure,
however, the aerodynamic coupling effect between the rigid vehicle
and the elastic mode is neglected. Other workers considered this
coupling effect, tut the mathematical expressions derived are com-
plicated so that it is not feasible to conduct practical calcu-
lations.

In the present paper, the zerodynamic couvling effect between

the rigid vehicle and the elastic mode is considered, and a standard

matrix form of the equatlon of disturbance motion with parameters ,

such as M*n and M*G’ is presented, which makes 1t feaslible to use the
standard compute code during calculation. Compared with those

introduced in literature (3-6], this technique has the potential to

.consider higher elastic modes,
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Y The effect of gyro location on elastic vehicle stapility ;’
is analyzed together with the coupling effects of the elastic mode E
i and the control system. It is believed that the suitability of the {E
_? gyro location is related to the same sign of the generalized force, EE
. Fis and the control moment, ¥s. Results of universal significence )J
3 are given., The effect of aeroelasticity on aerodynamic force ;
i derivatives for a rigid vehicle is also discussed. ;g
" 3
a 2. EQUATIONS OF ELASTIC VEHICLE LONGITUDINAL DISTURBANCE MOTICN .?
? Now we are going to establish equations of the short-period ia
i vehicle longitudinal disturbance motion with aeroelasticity taken t{
into account. ;E
The aerodynamic force and moment are related to the local if
angle of attack, a(x, ¥, t) or the loczl impact sneed, %'
3 w(x, ¥, t)=ua(x, ¥, t), y and the locezl angular sneed of g“
pitch, o(x. ¥, t) | f
Let us assure x, y, 2 as the coordinates in the average body %;
i axis whose origin is the instantaneoys center of mass, and express l;i
: elastic deformation as &(x, ¥, t)= '21 $(x, IIMC1) | yhere éi(x, ¥)
j is mode function, and 7);(t) is the éeneralized coordinate. ;&
Z The equations of the nth mode short-period srall verturtation ‘%i
E can be expressed as éﬁ
’ w()=Ua()= [ [ Z=u(s, 5, t)dedy o
+f L j;fy %, ¥, t)dedy+2.8(1) \\
E (2.1a) : '\:
o(t)-J _L ‘:x‘:y w(x, ¥, t)dxdy+ J‘yf’ fg; w(x, ¥, 1)dxdy '.\
], Hicx v, dxdyMace) 2.1b) i
- 28




St L oA A e A e Ca e pa e s g st SAA Lt i g o ot g b e s ”
- \'

}_

Wt ) +25,0m( t ) +oim(t )"‘%‘(('%%‘ (2.1¢) E‘:E.

where Qj(t) is the generalized force, and mj(t) is the generalized ’

b mass. They can be expressed as "
acn={ |, 5%%,(::, ¥ )dxdy (2.2a)

m()=[ [ mx, 3y, »)dedy (2.20) .

The integral terms and the generalized force term in egns. ‘):ZE

(2.1) are functions of w(x,y,t) and #(z,y,t). When 2eroelasticity ,_)

is taken into account, the latter two functions should be 32% !“

w(x, ¥, t)=w(t)+ i di(x, YI(t)— .il wdi(x, YIn(t)

i=1 ' (2.32) "

a=d(x, ¥, t1)=98(1t)- _il éi(x, ¥yI)m(t) (2.3b) ,;.}_

where (°) denotes a derivative with respect to t, and ('), that .—

with respect to x. Substituting the values of w(x,y,t){’/;;r’ldyi'e-‘-) C’:
arranging them, equations of the elastic vehicle longitudinel die-

turbance are obtained:

wit)=ud( =2y w(1)+ZH( 1)+ D) (ZM(t)+Z: (1 N +2,5(1)

iT1 :;1::'{;7

(2.42) -_‘_"‘.‘..

n ey

§C)=Mow()+Miw () +Ma(t)+ Y (Mn(t) )

i=1

+Min )+ MRt N +Md(t) (2.4b) S

A1) +2L0m( 1) +OM( 1 ) =F Wl (1)+F.a(1) Do

+ 21 (Fim(t)+Fi 7t )+ Fad(t) (2.4¢) ..\\

—-

' s

where Zap Zage ‘M..’.. M.'.... AM'.". F.ww Fia F,.,',. F.‘é'.- F. are coeffjicients .__;.'
hoRS

relating to the elastic modes: ‘::t
0%
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zw;"""'j I; axayd’(x’ ¥ )dxdy

z=f, [, 22 ez, axdy=[ [ e yi(x, yrdxdy  (2.6)

oM.,
M =-uf | myux, ¥ )dzdy

2.7)

Mi={ {, W(z, 1)~ [ St Sy |8, Y)jdxdy  (2.8)

---I j' m;q»(x, ¥ )dxdy
= --f J" myqy,(x, ¥)dxdy
Fu= M-{ I‘W(x, ¥ )dxdy
"“MI J. 5
w )t [a,ay

*Z
;;}Lux. ¥ )4

x, ¥)éi(

X, y)d’}(x’ y)

M. ?M,
(2.9)
(2.10)
(2.11)
x, ¥)dxdy (2.12)
x, y\]dxdy (2.13)
(2.14)

F,=

IJ’ ¥Zs p(x, ¥)dxdy

x OXdy

3. CALCULATION OF ELASTIC VEHICLE TRANSFER FUNCTIONS TAKING INTO

ACCOUNT THE FIRST,

SECONT AND THIRD NMODES

In order to make the calculation easier, Laplacisn transform

was conducted for eqns (2.4) to get a standsrd matrix form, so that

the matrix compute code can be used in this calculation.

Let us

of the coupled linear equations

agsume the third vibration mode,

Then, the ratrix form

is obtained a2s follows:

LA FUA
L §

+
¢

.

AN



Z,— 3 u,+2, 0 Z; Z,, Zi,
M. M- 0 M*,, M3, M*;,
0 1 - 0 0 0
| Fu Fu 0 (Fa-2oe-s) (Fa-oD) Fp,
s 0 0 0 1 -3 0
{ Fiu F,, 0 Fy3, F,., (Fya,—28,0,— )
; 0 0 0 0 0 1
P Fy Fy 0 Fs-'n, F:-, Fs-'n,
0 0 0 0 0 0
Z, Zq, Z., v w(s) =2y )
Ms, M*,, My, ! 8(s) - M3
0 0 0 ¥(s) 0
Fn, Fx'l, Fn, i‘,(") —Fy :
0 0 0 nL(s)|= 0 5(s) (3.1
F:n,_m; Fz"l, Fu, ' “:( S) —F:a
- 0 0 ! n{(s) 0
Fan, (Faa,“zts"’s— s) (F:n,"mg) n(s) —Fy
0 1 ~s Angs)’ \ 0

where

Mi=Mo+MZ M F o+ M3 Fout+ M Fy,

Ms=M, + Mi(uy+2) + M3 F o+ M Fyy+ M3 Fo,

M® =M +MiZ + M3 (Fi —20,0) + M Fog + M3 Fy |

MS =M, +M:Z, + M3 (F 0 —0})+ M3 Fyy + M Fon. (
M'.‘.=-=M;,+M'.Z;,+M'.‘IF,.'.,+M'..':(F,;.,—'2C,m,)+M'.',F,.-,= (3.2)
M =M, +MZ, + M F\\ +Mi (Fp —03) + Mi Fon,

M* =My +M.Z, + My F i+ M3 Foi + My (For = 28,0,)

M3y= M\ + MiZ, + M F o+ M3 Fry + M (Fyy —0})

Mi=M+ M2+ M3 F oot M3 Fot My Fo

When higher vibration modes are considered, the same method can be

used. From egn. (3.1), we have the transfer functions:

W, (s)m= Ao cos” +e,8° +eyst +esi e sttt +este, (z,7)

A 3 (s'+0,5 40,5 +0,5* +a,5 +0y8* + a5 + 0,5+ ay)

SN
.
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n:,:
’ A d, s +d, s8+d s +d, 8¢ +d, s ~d ' +d s+d), -::_'
Ba(s)= Kx = sm(s‘+al,]s’+a=ls‘+a,s’+a.s‘-ra,s’+a.s’+a,s—.a,) (3.4) x26 "
Aws _ dyS'+d, P d, st d,.st 4 d. 50 Hdy s’ +d, s +dy,
Woal(s)= A s2s'+a,.lv’+a:s‘+a,s5+a,s‘-ra,s’-'—a.s’+a,s+a,) (3.5) v
A dooS” +dy 5"+ dyp8®+dyys +d., 58+ dyys* +dy s +4d,, v
W..(s)= ._\s = 332s'+a:ls’+a,s‘+a,s’+a.s‘+a.s’+a.s’+a,s+a.) (3.6) v
(‘.r
7))
LR
-
where d,=dy,=dy,= e ’ and L‘,=M., diy=F, digm=Fy, dso"'F_s; f;.:‘
In the case of 3 closed-rina System, the angle to which the i‘
gyro is subjected contains not only #, but also the partial deflec- ﬁ
tion angle resulted from various modes a2t the point. Thus, the ;f
gyro-subjected angle ¥, is '
S 3+ (=L 1)+ (=PI NN+ (=931 )], (2.7) o
where Pr (1), 92(1), 95(1) are derivatives of various vibration ' =

modes of the gyro at point 1 with respect to x. Then, transfer =

function, Wy, (s) is =
Wl s )=W,—9( 1 )W, (8)—@( 1o (s)=F( 1) (5) o

' +1,80 st st H1 8+ s+, (3.8)
= S (5P 0,5 +0y5 + 055"+ 8,5 + 55’ + 3y + 2,51 84)

where the coefficients of the terms in the numerator zre

limeim @i 1 )dy=P5( 1 )dsi=93( 1 )y i =0~7T (z.0 :
It can be shown that in a closed-ring system, Wy, and Wg¢ have the é;
same nominator but different numerators. When the root locus f}
method is used, as we will discuss shortly, the extreme points of ” éf
Wg, and Wz are the same, but the zero point distributions are dif- :i
ferent. Results of the sample calculation selected in this paver 5?
are shown in Table 1. E;

I
P Yy
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Table 1. Roots of the determinants

A 0 C - 3.546234.777 - 4.584£321.192 § ‘31.471:76].227:';» -20.64621177.87
de -13.31 - -l‘.9092288,3‘36|’§ ~42. 7902 749.6577 - 18.499=1179.504
: 0 ——- 3.675+34.354 ¢ E - =31.4442757.876 ¢ -20.652:1178 .08+
Any 0 - 3.841233.797§ - 3.327x317.1583 ¢ - -20.708+1178.11 4
Ang 0 ‘ ~1.887%33.778 -5.390+£321.3877 -31.7012761.038; -
|

4. EFFECT OF ELASTIC BODY ON THE CLOSE-RING SYSTElM STABILITY

The stability of a closed-ring system can be discussed in terms
of the distribution of the zero points and extreme voints, and their
changes in an open-ring system. In this section, only changes in the
zero extreme points of an elastic body will be discussed. It is as-
sumed that the gyro and the automatic machine are ideal vprovortional
links.

As mentioned 2zbove, having considered the effect of the par-
tial deflection, Wy, , which is given by ean. (3.8), is used 2s the
elastic body transfer function in the closed-ring system. This
fﬁnction has exactly the sare nominator as %, in ecn. (3.2), It ie
independent upon the location of the gyro.

The coefficients of various terms of the nurmerator in eqn. (Z%.8)
ere determined by egn. (3.9) where the coefficients ¢. dy, dy, d,
are influenced by aerodynamic coupling. It is more important that

P 1), ®50 1), @} fz are closely related 1o the gyro location end

may have opposite signe at different points. Thus, selection of 206

different 1 (the gyro location) has appreciable influence on coef-
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ficients, 3%5-17.
It is shown from the sample calculation that coefficients cj
are 21l positive. Although d4j, dpj and dzj can assume either

positive or negative values, the corresvonding coefficients for the

CHCTCS NS TN ALY VSERY S S

AR OO

same vibration mode have the same sign, since every mode itself is
stable.
If one point is found to make the last three terms on the

right side of egn. (3.9)

_‘p;( l )du'_q’;( 1 )d.-.i‘_'_'q’;( 1 d i=0

then, Wy, is equal to Wy. This means that the elastic vibration

effect is completely vanished. It is, however, very difficult to

determine this point accurately. A suitable region should be given

here, €.g8., (—@,(1)d;=®i(1)du=P3(1)dy)>3T . For instance, a point

is chosen where P 1)=—0.24. P} 1)=0.105 @(1)=—0.48, , then,

_wi(vl )dyi—93( 1 )dyi— ®3( 1)dy>0 a AlSO, when =0~ 6 , fl,->C,'> 0

(see Table 2) and  l,=c,=0.1460x10"" |

The zero points determined by coefficients, 1; are

—9.161, —1.856+136.6{, —19.17+595.8i/, —20.22*1271i

Compared with the corresponding zero points of Ag in Table 1,

except that the last pair of zero points slightly moved left, all

the others moved considerably right. The last pair have only

slight influence on stability due to the coupled pair formation

with corresponding extreme point.

Since cj has the same sign as il;, the signs of dq;, dpi and

dzj are the same as those of F45, Fo5, and Fz5, respectively. 1In

order for—(®;()d,+®3(1)ds+P3(1)ds)and c; to have the same sign, the

gyro snhould be located slightly behind the valley of the ith

........................
.......................
..............
.........
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1 vibration mode; conversely, it should be located slightly ahead of
the valley. In the case of the sample calculation described in
thie vaper, the gyro may be located behind the valley of the first
rode, but ahead of that of the second one. Since the third rode

has slight influence (]d3j| is emall), it was not taken into 2c-

Dk A an & 2o aw o o o o

count.

5., ESTINMATION CF THE rFFECT OF ELASTIC VIBRATION ON AERODYNAMNIC

TV

FORCE AXD PONMENTS

From egn. (2.4) and the aerodynamic derivatives of a rigid

tody, the following relations can be obtained (where subscript, e

denotes elastic body, and r, rigicd body):

(e oy 4+ 2 2 & (—b'n & L) (5.1)
), T caa R '
Ay 227
(cZ). _ ﬁ.ﬁ¢;’ n. (52)
(ct), =1 .-Zn o "
. - )
(c2). _ c=.-( — M+ D (5.3)
oy, 1% ig, caa b o .
. ”n - . S
(c%). Cai ( ', M (5.4) -
=le=14+ Y | —dinité : -
(c2): {Z] cad o -
(ca o e (5.5)
Cmle _ B (—~d'n .
TEy =1 '_21 (=4
3 . . L o o ]
] where the zerodynaric derivatives with vers (e.g., €. ¢L) stand e
i LSy
. - .4
3 for the means of the serodynamic derivatives in various integrel RN
y & S
o

intervals, respectively, i.e.,

e
r.v 'v""
’

5
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et e e A St s St A i i Sep St e e S A0

S .ﬂ' el dxdy, &8 = —L
8§ ! s

9x9y

xﬂ; axaCL ~dxdy, &,= ﬂ :x?v ¥ (5.6)
o, =—ff, iy an -

xff.. j;fy dxdy

In this example with elastic vibrations taken into account, the
aerodynamic derivatives are 10-20% different from those of rigid

vehicles (see Fig. 1)

(c-)l
(C:. , (‘-‘-)r (cDe
(ct)e
1.
OWT (),
©.§ (cS)r

I - 1 i1 L

0 0.5 1.0 1.5 2.0 #(s)

- (eu '“maun&

(C,_) ’ ( -) r

«
(C:), (cm),
and “Tmot

Fig 1 Transieat process of -
L)y (Cm),

6. CONCLUSIONS

Based on the above discussion, we can conclude that

(1) when the effect of aeroelasticity on vehicle motion is
considered, we can draw a conclusion which agrees with the char-
acteristic features of the common vehicles in small and medium
sizee: the effect of the first elastic mode on the vehicle

stability is significant while thet of higher ones are not.
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(2) In order to avoid elastic vibrations lowering the
stability of the overall missile system, the gyro should bte located
behind the valley of the ith elastic mode if F, and M. have the
same sign, and ahead of the valley if Fis and [§ assume the op-
posite signs. This is a conclusion of universal significance. 1In
the case of the sample calculation, the gyro should be located be-
hind the valley of the first elastic mode and zhead of the valley
of the second one.

(3) Using the theoretical exvression established in this
work for the ratio of the aerodynamic coefficient of an elastic

vehicle to that of a rigid one, the sample calculation shows that

the elastic aerodynamic coefficients are 10-20% different from those

of the corresponding rigid vehicle.
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A VORTEX LATTICE METHOD FOR
JET WING PERFORFANCE WITH NONLINEAR WAKE ANT TIP FLOW

by

Chen Zelin
(Beijing Institute of Aerodynamics)

and

J. M. Wu
(University of Tennessee Space Institute)

ABSTRACT

A three-dimensional nonlinear method for determining the aerodyna-
mic performance of a jet flap wing has been developed. The method uti-
lizes a system of bound and free vortices with vortex lattices to represent

the wing, jetwake and tip vortices. The kinematic boundary conditions are

B v,
,‘.".'

satisfied at the wing, as the ordinary vortex lattice theory states. But the

3
7

feature of the present method lies in satisfaction of both kimematic and

dynamic conditions and consideration of vortex interaction. The solutions
obtained include chordwise and spanwise load distributions, from which
sectional and total aerodymamic quantities are derived. In the solution the
jet-wake sheet and the tip vortex shape are determined simultaneously
with the nonlinear effects taken into account. The solutions obtained by
the present method agree well with other analytical results and available
data for a jet wing with large aspect ratio. The present method has no
limitation on the aspect ratio and is applicable to the cases with large jet
blowing angles as well. The partial span jet blowing and the disturbance

of main wing blowing to the second wing are also treated in this paper.

Received rarch 21, 1984.
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1. INTRODUCTION

It is a well-known principle to produce strong 1lift by using
jet-flapped wings (JFWs). Application of such wings pushes forward
their aerodynamic performance studies, In two-dimensions, Spence1
has established the JFW shape theory, which states that when the
jet thickness tends towards zero, the jet momentum is still keont a
limited value while the Jet mass flow rate tends towards zero.
Spence's hypothesis has been accepted by most investigators. 1In
ceses wnere the jet structure znd viscous effect need not to te
considered, this hypothesis agrees apvroximately with the actuel
JFW's physical properties, and usually gives good results. The two
representative methods which can be taken as examples are Halsey's
elementary vortex distribution and Sato's conformed map. In three-
dimensional cases, various methods based on lifting-line and
lifting-surface theories, such as those proposed by lfaskell and

Spence? Las? Shen and Lovez, and Wasson, have been developed.

The elementary vortex distribution method given in literature (€]
is based on the linearization theory, and the boundary layer con-
ditions for the wing and jet are satisfied over a given surface.
Calculation results for large aspect-ratio wings using this method
agree well with experimental data. 1In the case of small aspect- .
ratio wings or large jet blowing angles, however, the nonlinear
effects should be taken into account.

Big progress in the vortex lattice theory for determining

7-9 and

aerodynamic performance of wings has been made recently
several methods have teen developed to solve problems caused by a

vortex singularity. Among these methods ie the concevt of so- SN
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called "limited-nuclear vortex". Nevertheless, further investi-
gation is needed, eince utilization of the vortex nuclear's em-
pirical data may lead to 2 decrease of calculation accuracy.

In the present investigation, the vortex lattice method was
used in the JFW's study. The wing, jet, wake and tip vortices
were represented by vortices. The kinematic and dynamic con-
ditions were satisfied at the wing and the jet surface. The chaves
of the jet, wake and tip vortices were simultaneously obtained as
part of the solution with the nonlinear effects taken into
account, Tne present method has no limitation on the aspvect ratio
and the jet blowing angle, and is applicable to wings with any

shapes of surface, cross-section, and jet momentum distributions.

2. METHOD AND BOUNDARY CONDITIONS

Let us use the hypothesis of an incompressible potential flow
without taking separation and viscous effects into account, and use
Laplacian equation

Vie=10 (1)

where ¢ is the velocity potential. The solution is expressed as
a vortex lattice which satisfies this equation,

The boundary layer conditions required by equation (1) can
be divided into kinematic and dynamic conditions. The kinematic
condition is that the air flow is tangentiel to the materizl sur-
face, If the jet location is known, the air flow can be taken as
tne material surface a2nd the kinematic condition has been satis-
fied., In addition, the jet should satisfy the dynamic condition

that the pressure difference, to which the jet is subjected, v ir

r
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in equilibrium with the centrifugal force
Ap=—j/r (2)
where j is the jet flow rate in unit span; and r is the partial

curvature radius of the jet. Dased on Spence's hypothesisz egn,

(2) can be written as

[

-~
A

!

Yv=¢C,/2r (%) :_.1

where Yy is the vortex intensity; Vv, mean of the velocities above ii}
and beneath the jet surface; c, the chord length of the wing; and i;i
Cp, the jet momentum coefficient. E?ﬁ
Let us use the Kutta's conditions to make the solution E;j
unigue. In the absence of the jet, these conditions are satisfied TJ
at the back fringe. In the presence of the jet, the jet at for i%,
lower reach needs td be parallel to the freestream flow direction. iﬁg
In addition, it is assumed that there is no transverse momentum .gﬁ
transfer within the jet, i.e., the momentum is kevt constant along ;E;
a jet vortex line. This hypothesis appears fairly reasonable when 5{&
the spanwise variation of the Cu distribution is not appreciable, i
It is shown that the JFW 1lifting surface theory presented in ;i}

this paper is different from other common theories in mixed tounda- ’5
ry layer conditione and unknown jet location, which makes the Eé
equation solving more difficult. - 153
2, SOLVING PROCESS ‘g
Vortices were used to represent the wing, wake, the tio vor- Eﬁi

tices and the jet surface (Fig. 1). Here, the wing was devided in- EES
to several surface elements, each being expressed by a hoof vortex. ig
The bound vortices were on the wing and the free vortices constructed ﬁﬁ
a1 n

Tt T R ixi-“nixixiniaﬁu“ui:::i;k:;:ii;f;f;ikf;:;i;iéiié;igl;li;éfiéfi"{"£’4 T
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B #XAEREH
Fig. 1 Sketch of singular point distribution

1=-bound vortex; 2-free
tip vortex; 3-free wake
vortex; 4-jet sheet; and

S5-control point.

the wake and the tip vortices. The
spanwise bound vortices were located
at 1 chord length of the correspond-
ing surface elements and the control
points at 3/4 chord length. Wherever
a jet existed, the wake was neglect-
ed. The jet was expressed by a vor-
tex lattice system, the control
points of which were located at 2/4
chord length. The thickness effect
was not considered in this calcula-

tion.

Since the locations of the jet, wake and tip vortices were

unknowns, iteration solving methods were used. Basically, there

are two iteration methods: (1) Start with a jet shape which satis-

fies the kinematic condition, and then find the jet shape which

simultaneously satisfies both dynamic and kinematic conditions;

and (2) Begin with a jet shape which satisfies the dynarmic condition,

and then find one which satisfies simultaneously both conditions.

Halsey has pointed osut that the first is not a dependable method 221

eand it is difficult to get a convergence from this method. Our

results have already shown this disadvantage. This is the reason

why we chose the second method in this study.

During calculation, we utilized a method in which the co-

efficients were to be determined to find the jet shaoe:‘1 Resultse

show that introduction of suitable functions can speed uv the

iteration process. It is believed that the functions to be se-
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lected are not unique and functions in different forms can be used

to express the jet shape in defferent problems.

4, RESULTS AND DISCUSSION

Calculations were performed for typical JFWs in thie invee-
tigation. The calculation conditions are shown in Fige. 2-4.
Figs. 2 and 3 give the spanwise distribution of the normal force
and the chordwise distribution of pressure at half wing span.
The data obtained are 10% higher than those given in literature [€)
especially for the front and back fringes. Further study is needed
to find the reason for this difference. One of the reason is vro-
bably neglect of considering the wake at the locestion where there
is a jet, namely, néglect of the controlling effect of the wake on
the jet, resulting in higher calculation values of the normal force.
Fig. 4 gives Tas' experimental results which are in between the
calculation values given in this paper and those in literature (€.
Pig., € gives results on partial span jet blowing. Neglecting the
wake at the jet and its vicinity, a simplified inviscid model
results. Fig. 6 shows the calculation results for the combination
of the wing and the tail, indicating that the influence of the main
wing jet on the tiv vortices of the second wing (tail) did not
fully developed. KResults for the case of a large Jjet-blowing angle
and a small aspect ratio are given in Figs. 7 and 8, which chow the

calculetion capability of this method,
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Caf = %3 ~ ! ) 5‘34 —— - /

-e — Shen, L. , Wasson™
N A:l;.sjr:o‘.cs-o. 4,5;=30° =<~ Shen, Lopez, Wasson ™
R=4.5a=0,Cum0.4,

1. 1.0 Y/0.5bm0.5,8,=30"
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1=-this method.
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NUMERICAL COMPUTATION OF

TWOFHASE TUREULENT CONMBUSTION PROCESSES

by ;
Zhou Xiaoging
(Shengyang Aeroengine Institute)

ABSTRACT

The mathematical models and numerical methods are presented for

computer prediction of Zeroengine combustor flows and characteristics. et
Among these models the droplet turbulent diffusion model, the modified 0
k-¢ turbulence model and the hybrid Arrhenius/EBU model are described. t‘;":

The Eulerian scheme is used to construct conservation equations of both
gas phase and droplet phase flows. The self—compiled computer code

GEMCHIP programmed by author is provided, which incorporates SIM- ::::E;
PLER and DROPLET algorithms for gas flow and droplet flow predic~ o
tions, respectively. The block correction technique is adopted to facilitate -‘t-;,
iteration convergence. The predicted results for three typical twophase
flows are given to show the applicability of this method. - \
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1. INTRCDUCTION

To date, research and development on aeroengine combustors
are based mainly on testing while making semi-empirical analysis
subsidiary. Great advances in computation-combustion science have
been made in recent years, and numerical computation has become an
important technique for combustor research and designs,

This paper presents mathematical models for twoohase tur-
bulent combustion processes; gives the conservation equations of
various governing processes; and describes the zlgorithme provosed
and adopted by the au‘thorj'3 which are embodied in a numericel
ellipse compute code, GENCHIP for multiphase combustion, heat
exchange and inter-diffusion flows. This compute code can deal
with single- and two-phase stable flows in Cartesian coordinestes
or cylindricel coordinates; laminar or turbulent flowe; cold or
chemiczl reaction flcws; and ore-mixed or diffusion flares,
Results of sample computation under flow conditions for some

combustors are given.

2. MATHELATICAL MCDELS OF THZ PHYSICAL PROCESSES
2.1. Fog lodel
Roesin=-Rammler functiones are often used to calculate the

initial cdistribution of drovlet sirze.
foim dN, __N,S TIut+ 4)/3)“"”’/_n_)’
== "dr fie Tt +1)/SY79 1.

()RR o

is density of the total croolet number; £ and t, the

I
‘n

where X3
fogging parameters; ry, the radius of droplets; ryp, volumetric

mean of the droplet radius; a2nd 7, Gama function.
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In the numerical computation, nj yx is used to replace fp ] Agl
T K+—il— - -
By = r“ K-_l f,,,dr, (2) . ..’.::;
. o
2.2. Droplet Turbulent Diffusion Model L
W't
Previous computations only considered the orbital motion of P ;
.
droplets. In fact, droplets diffuse turbulently under the in- -
fluence of turbulent zir mass. The following droplet turbulent 2€%2 :
diffusion model has been proposed by the author, based on Ward's !é.
analytical work. R
A (2) 2
=1+ ) b —p2 ey
beir X {7+ =51) (4)
where @1 and Jg are turbulent gschmidt number of droplet and that ?fi
of gas, respectively; k and &€ are the turbulence dynamic energy %
and dissipation rate, respectively; and 1 and fg are the density iﬁ;
of droplet and that of gas, respectively. if{f
2.3. Twophase Turbulent kodel L
The author has considered the turbulent energy exchange '?f
ok
between gas phase and droplet phase, and proposed a turbulent e
model, based on k-€ relation. In the model, the coupled equations Eéi
e
for droplet phase turbulence are iﬁk*
BBV, = —— LV, _
lol (5) _ :' ..
"—:.—=_ Uy .:‘.'-":
LA pxh'Vm (6) -ﬁfi
. - - TS
where $ni, SVé and 5V, are density of droplet number, the tur- '2:‘

'y % "' .‘v."‘l
',

‘..jf PP

bulent pulse heights of the gas flow rate and the droplet velocity,

-
!
-
-
¢

¥ :‘
o
DACY
“n?

.
lﬂ

regpectively. The ratio of the droplet turbulent dynamic energy to

&

that of the gas flow is &/k =¥, , thus, eqn. k can be revised
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: as V(60 VR)=V -[e%—:"w]wc.-w,«- V- [k
(7)
where G,=?,:v;‘;ﬂ . -.:J
Eqn. € does not need revision. Eaé
2.4, Droplet Vaporization and Combustion Fodel ;%?
The rate of the droplet size change during vaporization and &iﬁ
combustion is ‘fi’t' =— P?c, Nr:b
(8)
where N.=1+0.276Re'*S}?
&,=In( 1+ B)

T ear+Fr] cumimge- o
4 [ rear (MEHER) 7.
where 6-droplet combustion; and 7-drovlet vaporization.
In the above equation, Yox is the oxygen mass concentration; W.y,
the molecular weight; vgx, the chemiceal equivalent coefficient;
L 2nd q° are the latent heast and calorific value for vavorization
of combustible o0il, respectively; and Ke end Sc are Reynolds numter
and Schmit number, respectively.
2.5. Gas Phase Turbulent Combustion i‘odel

Let us assume that combustion is a single-step chericel reze-

tion, i.e.,
VeF +v5,0—>v.P (9)

The combustion rete is the emaller one between the rates of

the gas phase reaction process (calculated with Arrhenius equations)

and turbulent mixing process (calculated using EBU model).

RF"—miﬂ(IRFoE'{'.O IRFM'i) (10)
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&
3 }
}; where P R P
‘ Ryew=—cxbl, k' [(37') +<ax,) +(B’;)] E
Rewm = BT3P ¥ on exp(— E BT, "
E where E is the activation energy; Ry is gas constant; and YF is EF
: the mass concentration of the combustible material. gi
: 2
E 3. COUPLED PARTIAL DIFFERENTIAL EQUATIONS OF THE GOVERNING 2£7 Ei
j PROCESSES !r;
5 The controllong partial differential equations for twophese ig‘
; turbulent binary chemical reaction flow can be summed up as the EE
following two forms?
__;{_[_a%-(;.'},g—?'r.—:é—)+ —;—(F"?»E —F- n—f,?—)] =S+ Sum (11) \
L (2 @1+ 10 ) [ O 3 (77 | =S (12
where g is any dimensionless flow variable; Sg and S, are source ég

of action terms within one phase z2nd between two phases; subscrint, i;

i is the coordinate factor, which is O in Cartesian coordinates and e

1 in cylindrical coordinates. -

Table 1 and 2 list all dimensionless partial differential E
' equations in either form (11) or form (12). éé
4. METHOD OF NUMERICAL CC)PUTATION
: Equations (11) and (12) were separated into finite difference ;;
: equations using controlling volumetric technique. Interlocking R
z grid system was used to eliminate the flﬁctuation of the voressure ?E
field. Wwall function technigue was introduced at the near-wall hi'

{ region where there was an effect of molecular viscosity. As shown 3
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Table 1 Governing equations in form (11)
|- nRan A I 1 XY Su Sinr
xume M
2~ 6 .G A 0 B
. = P, (60,0, | 1 ] ) 33, .Z. ot Ui N....w,..)
_E. arg , 1 :.:,_[ 2, T T T i
% or T Re sl Ta7Hr | G, ) 7=y (M
b { LT L . °a. \ ;. o i }'—‘ - T EL r,.:' ”u-o"m)'Gn
waay | P [P | o Ro.“"’ '(“"" M ‘éT""-’)’“‘" o] :'V‘_, 2
——‘B—I‘.h.'h.(.,"lc..)
1+
?lar ("“'" o )} Aea *
- aﬂ M
B0 (3 63| g 3 a2 (Beb-Ri0r)
q—ﬂ‘""- W - 3 on, 1 2 s o & 3ty ',.. ol 4P
NS LA LR I Y oL RS f. ~ e (55w S 2
-~ Gn 2 Y L UL PRl Y
XP9,)) s Boyt - -—'1 i )u.,.,.} o "
C1) Arrhenius law
- . - D AT20LY Y, : M
Fonumnni oo, | v, | 2 Ben VATIOL o awers - R.r.(r. 1] -G A Fla (52 Rua®y)
T Ll Ladd ’ e oy €2) EBU model e, et ‘)’ll 'll AT
el B[4 ()]
FEE LT 5 W o |20 e Gy 4 M, ;
o g || . Lo 0 -G 4 ‘%‘. 1 a,'_.( WL Nui®r,)

1-Type of equation; 2~Gas phase mass continuity; 3-Conservation of gas phase momentum

MR A RN S UNE S g il G AR Sk o i and gl ot &t ahie sre) aRg gb o |

in x direction; 4-Conservation of gas phase momentum in R direction; S5-conservation
of gas fuel composition; 6-conservation of the mixed gas fraction. -
N
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265
i
I~ »xans [} Y
-. i h t N Se Sowr
3 pt ¥y G, ) R
¢ . . . -Gl 2 RogatTe-Tu. APy B (’l.g)'«‘;' W.
7- wnus ) xr Go-[2( %)+ 2(22) F
W, [0, | 8 |30 B s -
e = v (] R, "o * I(_'L) L ‘%’.Z o 5':‘—( ':.-3‘— Ratoa 0;..)
-
: -u.)....ﬁ.é'- M
( ) ] + GoE, 2 { : ;E--n..(u,-l. ISLEYT IR ,)l)}
' |
F— Knw |ops, |8 K | 28 My ~Lun -2 iriuy. 0., K. ,,__‘,4
e | %Pty Kk Re o, R.u Gy~ ore ‘wl Z 'r[ e i
- - o .‘.I X ' "l-.ﬂ,..K‘..)]
~ N8 e bl O LU T .
7 ety | 90vq ¢ R, o, c'l:: 0KP U, - cxtratiPy : [
10=2anen : R - -
o, . 8. R . .
'lﬂl‘ ] T R B ,L“ 2 or ,;‘mmwm) °

1-Type of equation; 7-Conservation of gas energy; €-K equation; 83-€ equation;

10-Equation of the group droplet number density.
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e Table.2 Governing equations in form (12)
oL S N N |
PRRPY T YYY V1, Br.q P Moatia .hdfﬂm)'fﬁ"urmm
3~ ;nnnnal ra ", TR Kiotig 'L..ﬁ”o 8y !;‘;!;A By~ 01,00
‘f: Ll LEL] T L LU 'G'(L;.:,-./IP')- :’:. 1"-:".‘:"3 Fe=Tow

trpe - ‘!E!_. g

1 -8
L] * k (L]

Py
3= R ml4d 1= 1.92, cuw0.09, ca=1.07, Gpuag,mg=yr 0.7, a,=0.0, y=1.0, Teml.3, L-.-.J&.p‘.

t ]
2ug0Rolge g rimelye o Poo - LY en e NuorimaRoN oo,
R, -.-..i_. L =t e E, "”l. -+ Fe TepTya=Tin)* P, (2ugeRocyaP 0}/ MG, = e BePystica .

- BaRarpmaN 0 - L
Crotn ™ imeg G T

¢, KT >T O {0. &i=0
ire
L BTL<T

Nogsttm.aN 1o RY R . 1 .
L 1!.9".‘:;" LEL LTI » PR .': BT eaPgo Wee expl~ E/(R,Ty))

y» Naum 1 OG.ZIlR.'/-'ll - ".M'Im SEL 207 1 2 0.15C2r1aPgaluge = uei/ie) 497

1, Kis=l ‘e

[ Y (f'..) - {

1-Type of equation; 2-kquation of droplet momentum in x direction;

K
“e

3-Equation of droplet momentum in R direction; 4-Droplet temperature equation; -

and S-where.
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in Fig. 1, a regular grid system with the block-off region was
used to simulate the irregular contours of the combustor and the
stabilizer. For the calculation of the gas phase flow field,
SIMPLER algorithm was used, which saves 1/3 to 1/2 time as com-
pared with SIMPLE algorithm, and relaxes the requirements of the
subrelaxation factor.’5 The convection/diffusion flux on the
controlling volumetrical surface was computed using power law
program. The line-by-line three-vertical-angle matrix algorithm
capable of direction-changing and to-and-fro scanning was used
together with the block correction technique to speed uv the con-
vergence and improve the solution stability.

An algorithm 9alled TRKOPLET was developed by the author for
droplet flow field estimation. This algorithm uses power law for
the droplet number density, and wind-facing method to calculated
the flux at the intersection plane for the droplet velocity and

temperature.

Fig.1 Block-off region in a regular grid system

l-nomial Dboundary; and 2-real boundary.

GENCHIP code has contained the above algorithm. The code is

devided into two part: (1) General; and (2) For the User. The

first part lists the basic algorithms and the second one hes o
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corresponding changes based on the type of problems, geometrical

shape, boundary and entrance conditions, and grid arrangement.

The operation sequence of GEMCHIP is as follows: firstly, the gas
phase flow field (without droplets) was computed using SINPLER,
wnich was taken as the primary guessing of the gas~vhase field
for two-phase flow calculation, Secondly, the droplet field was
computed using DROPLET. Also obtained were the exchange gquan-
tities of mass, energy and momentum between gas and liquid phases.
These construct the source term, S, in the gas-vhase equation
and can be substituted back to SIMPLER to correct gas vhase field.
Then, CROPLET was re-entered. This kind of alternation was per-
formed until the convergent criterion for both gas and oil phase

flow fields was satisfied.

5. APPLICATIONS
GENCHIP code has been applied to verious cases, such as
single-phase and binary-phase zerodynamics, heat transfer, com-
bustion and chemical reactions. In this section, only three
sarvles will be given due to limited space.
5.1.Two-phase Cold Flow6
Fig. 2 shows the flow parameter distributions for the gas- -
phase and droplet phase in the axial direction. It is shown that
the smaller the droplet size, the smaller the velocity difference
between droplets and gas flow. %ig. 3 shows the medium-gize drop-

let volumetric fraction curves for the two-phase flow of a strear

of combustible 0il gushing from the center of a truncated cone.
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Fig.2 Twophase cold flow fields in a cylindrical combustor

(2) Gzs-phase flow rate and temperature distribution (dash lines
represent single-phase flow and solid lines, two-ohase flow),
(b) Troplet flow rate distribution in the axial direction.

(¢) Cylindrical combustor. 1-air; 2-combustible o0il and air.
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Fig.3 Isograms of droplet volumetric fraction
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Fig.4 Twophase combustion flow fields in a cylindrical combustor

2003

(2) Structure of the flame in combustion state outside the dust
fog.

(b) Concentration and temverature distributions in the axial
direction.

(c) The axial distribution of the combustion efficiency for
various nozzles. ‘

5.2. Two-phase Corbtustion in a Cylindrical Combus’cor7 -

129

ig. 4(a) shows the flame structure. The flare is mainly
located outside the o0il cdust fog. TFig. 4(b) gives the axial
distributions of the combustible materizl, oxygen concentration
and temperature at the cross-section. Fig. 4(c) gives the axial
distribution of combustion efficiency uncder various working con-
ditions.
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- 5.3. Two-phase Combustion in the Afterburner s
RS
~ Fig. 5 gives the gas-phase hodograph for the afterburner of ;Ef
- a small culvert-ratio fan engine with a parallel inlet gas mixer/ k:
N
) ¥
. pressurizer and a stabilizer with single-row v-shaped slots. The ig
figure clearly shows the structure of the return air region end o
N the flow acceleration due to .combustion. It is shown that the f%
influence of the return air region extended to the lower reach. iﬁ
) o
. 6. CONCLUSIONS ' | 369 I
} The method and GENCHIP code presented in this paper have been 3
successfully applied to several typicel flows in combustors. -
Two-phase ternary code is expected to be develoved from this work B .
. to compute verformances of reel main combustors and complicated ﬁ;
2 afterburners, A close corbination of numerical computation with 3i
4 -
y engineering testing and semi-empiriczsl analysis will greatly im=- -
d S
prove research and development on combustors, e
A
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GUST ALLEVIATION USING CONMEINED CONTROL LAWS R
ey
K by ‘-'..‘
p . s
- Chang Jin vl
- (Northwestern Polytechnical University) o
- ‘U
3
N
g ABSTRACT 2
1 e
. An analytical method of gust alleviation and other active control pur- L
poses (relaxed static stability etc.) for an airplane is described. Gust
. alleviation uses direct measurements of atmospheric turbulence to yield a }:3:
\_: feed-forward or open-loop contro] law. It is relatively insensitive to chan~ :-::’,'.
ges in flight conditions. Thus a combined control law can be obtained AL
. ‘\"
4 which contains feed-back and feed-forward components. L
y The stability of the gust alleviation system and the performances of DOCe
, other active control purpose can be satisfied by obtaining a linear opti- v
: mal control defined by a quadratic performance index. Thus the performa- Vo
:; nce index is combined. and the optimal feed-back control law is strai- ::::-
ghtforward and well-known. b
An application of the combined control law to a flexible airplane is R
preseated. Calculations have been performed to obtain the normal accele- - I
ration responses of the airplane to the turbulence and the state responses
for the other active control purpose.
N
*
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INTRODUCTION
One of the subjects which need to be studied for some airvlanes !é
is gust alleviation. Considering that the anplication of active I;i
control technology (ACT) to airplanes is usually malfunctional, ;E
to combine them economically and effectively is a2 subject worth !f
considering. In this paver, it is suggested to alleviate airplane 2
response to gust by using an open-loop system with direct gust rea-
surement. The requirements for other active control functions can !é»
be met with a feed-back system. The combined control laws for ;i
combined gust alleviation and other active control purposes are ;Ei
diescussed. %&
One of the cdifficult problems which one faces in the airvlane ii
gust alleviation system designs is the sensitivity, i.e., big . ?i
changes in the system parameters with flight sveed and altitude. i?
The advantage of an open-loop system with direct gust measurement EE
is its low sensitivity. Though the open-loop system has its %&
shortcomings, an improved performance can be obtained by cormbining ?
an open-loop with a closed-loop in the system. Ef
o
=%
1. PARTIAL STATE ALLEVIATION FCR TLIRECT GUST MNEASUREVNENT W
The airplane motion equation under the zssumption of lineer- - Eﬁ
ization and smell perturbation is 1}
2(1)=Fx(1)+Gu( 1) +Tw,( 1) (1) =
where x(t) is the state vector; u(t), input vector; wg(t), gust EE
disturbance; and ¥, G, and J are nxn, nxm, and nxp constant matrices, gﬁ
In order to elirinate the effect of gust on zirvlane when wg(t) was S;
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measureds1) the following equation should be satisfied:

Ga(t )+Jw,(t)=10
However, matrix G is usually a square

not be obtained. Thus, the control 1la

-

directly. We transformed matrix F in

and zssumed the transformed matrix as
(1) could be written as

x=TFT'x+TGu+TJw,=

where A is a diagonal matrix with comrplex numrbers in it.

convenience, transformation %=Mx
plex numbers in A, where
11
_1o1 0 %
i g i
i 0
M= 1
¢ 11
j i
0 1

In (4), 3-complex characterlstlc root;

root.

Then, egn. (1) was changed to
F=MTFT'M %+

g, W

-®, 0,

MTFT'M'=}3=

(1). Ref. 4 discusses the methods for

the measures to reduce the measurerent errors.

Ax+TGu+TJw, (2)

—-w, O, °

(?)
matrix and its inverse can
w, u(t) can not be solved
eqn. (1) to a diagonal matrix
T, then x=Tx .,

Thus, egn.

-

For

was performed to eliminate com-

ABERES - D (4)

i

} xwmmns - o
and 4-rezl charzscteristic

MTGu+MTIw, (5)
\
. ;
(6)
e, 0
o

/

the gust measurerent and

kesults of

flight tests under various flight conditione are given.
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where ¢y and &« are the real part and the imaginary vart of the
ith complex characteristic root. Eq. (6) has r complex character-
istic root and n-r real ones.l Choose m state variabtles §1(t) in
ﬁ(t), which play a major role in gust alleviation. The rest n-r

state variables are ﬁz(t)j Egn. (5) can be written as

§x A 0 (’?1 Gl Jx
o (= \ u w 7
{;,} E x=]l&=}+[cj{ HM{ “ 7

A0 . .
wnere [_ is similar to x, the only Jifference between them
0 A,

G, J

E; being the different arrangement. [G]‘ and ['} are similar to TG
* I,

:T and TJ, respectively, but the arrangement is different, If the
ki following equation can be satisfied

r.i (Glluy+U wr=0 (8)
where G4 1is an mxm square matrix and it is not singular, the

control law is ,
{u}==(GCI'UJ ) (w,)

(9)
The airplane motion equation car be divided into
Ry = (X045
6‘:) = [sz {iz} +( [Jz] -~ :Gz: [Gx].l [11] ) {wﬁ
(1n)

{%} is independant of gust and {X,} is influenced by the gust
disturbance. This makes the {§1j-releted part of the gust resvonrce

alleviated. ~

2. ALLEVIATION OF THE CUTPUT VECTORS
It is of :ignificance to alleviate e2irplane's measurable out-

puts (such asgccelaration ). The airplane motion end output

equations are
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:j :;
i
A 08
1
B x(t)=Fx(1)+Gu,(t )+Jw,( 1) ':
. Y(1)=Cx(t )+ Dy 1 )rEw,( 1) | (11) =
g To alleviate output vector y4(t), the following eguation should 281 ;g
L be satisfied: 5
N y(1)=Cx(t)+Du(t)+Ew,(t)=0 (12) E
‘E Generzlly, D4 is not a square matrix and has no inverse. However, %;
: the generalized inverse can be found based on the metrix georetrical ;i
5 normal number and eqn. (12) can be avproximately satisfied, that ga
i, is, making the following equation :S
:: IC.x+ D,u, + Ew,i*o,= (C,x+ D.4,+ Fw,)7Q,(C,x+ Du,+ Ew,)=¥{Q,y, (13) "
. reacn a minimum value. 1In this case, Q9 is a2 symmetrical and nor- ;?
1 mal weighing matrix which shows the alleviation weighing effect for -
; various elements in y4(t). Find the partial derivative of eon. (13) ir
- with respect to uq and make it equal to zero; we get :;
20%Q,D,3,+ 205Q,C, x+2DIQ,Ew,= 0 (14) :
- Solve uq, and the control law is 5&
u,= —(D5Q,D,)"DQu(C -+ Ew,) (15) RS
i If ¥Qy in egn. (13) is replaced by ,1Q,y,+slRw, , the oro- E;
cess of finding the generalized inverse has already considered the &:
requirements for the controlled energy. R4 is a symmetrical and ;i
norral weighing matrix which controls the energy weighing quantity .gf
at the control surface. The corresponding control law? is gé
u,=—(D5Q,D,+R,)"'DQ,(C,x+Ew,) (1%) ;
Under the gurt measurezsnt conditinnes, eqgne, (15} =2nd (16) §E
i contain feed-forward corrponent (DIQ,D +R,)'DIQ Ew, ané feed-back Eg
: component (DIQ.D,+R)"'xDiQCx} ., “he latter component can poe- %%
; sibly make the system unstavle. A stabilization term can be addec -
: 66
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to the feed-back component using the extreme point arrangement .{Lz
P

or optimum regulator to ensure the stability of the overall syster, .

as shown in the following sample calculation. ﬁ;‘

’:‘:'

When combining gust alleviation with other active control W

A

purposes, assume the airplane motion and output equations as N

Rthe

x=Fx+Gu,  y,=Cyx+ Dy, (17) ey

where us is the control output satisfying other major sctive con~ Eﬁ?
trol purposes, which may involve an operating surface different .E

from that of gust alleviation. Other active control performance fﬁﬁ

indices can be written as second order forms, such as ;55?

NS

! -

V=ming [ (10wt IRou,)dt (18) B

13 oL

. : ESC

where Qo and Rp are symmetrical and normal weighing matrices. N

Combining the performance index,equation (18) with the feed-back #il

component which ensures the stability of the gust measurement sys- i

.:\-:

tem, the combined performance index is written as %&

F.o0s

Vv’ ’n:‘in’;*J: (y"Qy+u"Ru)dt (19) .
where g

Lol el

while n and m are the weighing factors measuring various weighing -
matrices of gust alleviation and other active control purvoses. X
The combined performance index, egn. (13) satisfies egn. (18) and
at the same time, the feed-back control makes gust 2lleviation
stzble under the conditions where (¥iQvi+ siRw.) is minirum,

This ie because vector y in egn. (19) contains output vector yj.

Since linear optimal regulator control is independent of the




*
\
)]
¥
> system's initial condition and uncontrollable disturbance, the
output equation in egn. (11) is
\
:‘\ y.=C|X+D|“1 (20)
The optimal control to assume functional V' an extreme value is
.I
4=~ RIGT Py (21) 282
g where matrix P satisfies the following algebraical equation
2 F7P+Pf—PGR'G'P+ Q=0 (22)

G,
where (;-[G]; . Since there is cross term when egn. (19) is
- expressed in state variables, transformation is needed to cancel

3 A A A
. this term? Thus, R, F and Q in eqn. (22) are given as
’ D, 07[Q, oD, 0y [R, 0
-. S A I
- ¢ DJLo nQJlLO0 D 0 mR
": Dl 0 Q; 0 C;
-. F=F=(G, G;)iz"[ J[ ][ J (24
. o DJlo nQJLC
A [er{o, 0:‘[0,] [Cj’[O, O‘H‘D‘. 0] D, o7
- Q= p— R'l
- C 0 nQ.JLC, C 0 ”Q;,' LO D, [0 DJ

- Q. 073rC :
: x[ ].r J (25)
- 0 nQJLC
E Combining egns. (16)-(21) to get combined control lew
. u, DQ,C, . [DQE .
"‘{‘}"“‘ﬂ-' ([ ]+(Gx G)™P |x—R™! Wy (26)
u, 0 ) 0

where the first term consists of two varts: feed-back comnonent
which alleviates outoput y, in the gust disturbance, i.e., the

feed-ba_.k component in eqn. (16); and the control quantity which
makes V' assume a minimum value. 3Secause V' contains Y4 and y2,
it satisfies performance index, V and ensures stability of gust
alleviation, The second term is the open-loop gust alleviation

. term resulted from gust measurement.
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{ 3. SAMPLE CALCULATION

Let us take the variables in the airplane rigid-body long-
itudinal motion equation and body's elasticity equation as its
state variables. Assume that the control surface is the movable
horizontal tail surface and the wing flap. If only the vertical

component of the gust is considered, the airvlane motion eguation

is

r—1.54 1.0 0 0 —0.47 0.328
F— - —32.2 —8.9

Fo 6.0 -1.36 0 0 | o |-32
L0 0 0 1.0 0 0
lo.so94 0 —400.0 0 —0.3055 —0.066
—0.00513

7={"99 | C,=(-44.2544 0.648 —30.58 0)

0

L 0.002

D,=(—0.9417 14.278) E,=(-0.1475)
Ci,=11.0 0 0 03 D,=(0)

Assume the weighing matrix Q=I, and R1=R =R=10I, we hrave 3872

2

{—0.499 0.985 0.719

J’ —25.596 —1.073 ~13.541

—13.437 213.89 0 0 0 1.0
0.4667 0.00194 -—400.917 0

o o
-

e, }

_ [10.886 —13.4377
R=

119.658 ~1.738 82.1 0

é=§—1.738 0.03 —=1.212 0 -
I
t 82.1 ~1.212 56.776 0
0 0 0 0.001

The cy~tined control law is

{ b, } [—2.515 —0.33 0.723 —0.0199 ] [ 0.00064 ]
4 = = - X — w
.Y —3.074 0.019 —1.957 —0.00095 —0.00981 f
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A

Assume gust as u(l1-cosst), and calculate the plane's response to ol
gust. Results are shown in Figs. 1 and 2, which compare two dif- E
ferent conditions: under control and without control. In calcu- fJ

lation, it was assumed u=20 m/sec and w=6.2852.

4, CONCLUSIONS

A gust measurement technique for gust alleviation are sug-
gested for zirplanes with various active control purposes. The
corbined control lawsgiven in this pzvper can meet the requirerents
for gust alleviation and other active control purposes. Response
calculation was performed for an airplane, based on corbined con-

trol laws. Calculation results and data comparison show obdvious

advantages of these combined laws,
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. ABSTRACT

According to the exact characteristic surface equation of three dime-
nsions and the physical relations along bicharacteristics in stream surface
£ coordinates of Ref. 1, the pressure distributions of circula-elliptic delta '

. wing and waisted body are calculated with "'real'’ characteristic method. ".:"
g The results are compared with those of Refs. 2,3,4 and 6. N
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1. INTRODUCTION
4

In 1960's, Bulter first performed numericel calculations

XN

S
S

for inviscid supersonic flow around a circular-€lliptic wing at

2,
R

Faw=3.5. He simplified the equations by using high supersonic

characteristic, and obtained surface pressure distribuions. His

W

results agree well with the experimental data. In 1974, Walkden

and Cainez’3

calculated the same wing using stream surface coor-
dinates, and found discrepancy between Bulter's results and
theirs. The characteristic equation and relations of physical
property variatione along characteristice (three-dimensional)

on which Ref. 2 and 3 were based are zll approximate. Since the

term of the partial derivative of the dependent variable with

respect to_gswas moved to the right side of the equation in KRef.

5, the characteristic equation obtained was not three-dirensional,
but equivalent to two-dimensional. Joreover, Ref., 2 and 3% used
two relations of the physical property variations along character-
istics to revlace two relations in the coupled eerodynamic equations,
and solved these equations uesing difference method, not the cher-
acteristic method. Such an equation solving method is still oven
to question. 1In Ref, 2, the calculation results with different
steps were interpolated to obtain a zero mesh. Ref. 3 mentioned
tha: calculation could not be continued near the front fringe, rut
Ref., 2 did not mention this.

The author obtained an accurate three-dimensional character-
istic equation in stream surface coordinates and an sccurate re-
lation of the physicel property variations zlong four character-

z
istics over two sets of strecr surfaces, §3=C’ and§2=02.1 In the
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present study, this "real® characteristic method was used to solve
the flow fields of circular-€lliptic delta wing and waisted body.
The author also obtained a general charscteristic relation for
three-dimensional separazted flow in the ertitrary curve and stream
surface coordinates? Considering the relation given in Ref. 1 is

lengthy, it is not given here.

2. CALCULATION FETHOD
The calculation method used in this study is the character-
istic method choosing §1=x1 in e stream surface coordinate syster,

If the aerodynamic properties at the surface where £1=x1=c1 have

been caculated, various dependent variables at point A&, which is ;ﬂ?

z -
on surfaces g3=c’, §2=C2 and £1+A§1, need to be calculated. The

celculation procedures for space points and boundary points are !Ef
R

as follows: 2q4 oA
(1) Space points. Let us take four points on the intersecticns ;{”

RS

of &=C, $*=C* and &'=C' (Fig. 1) (i.e., points 6, 7, & 2nd O at

Sl — [
" 1-surface 23=C3;

2, -

3-surface g1=c1.

2-surface 22=C

2=~ §t= Clﬁ-

HalClm -3

Bl M5

Fig.1 Stream surface and bicharacteristics
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5 which the aerodynamic parameters can be solved by interpolating ;E:
values at point 1 and points 2, 3, 4 and 5) to construct a mesh .t;

cone (characteristic cone) passing through A (using one-bty-one Eif
approximation technique). Then, take vpoints 6, 7 and 9 as one EE:

group and voints 7, 8 and 9 as another to solve the aercdynaric ‘ﬁ
parareters at 4,  (2)a D (a and (P)ay (e D . EE?
Parameters at point A zre the averages of the corresvonding values iﬁﬁ

from each group. Thus, if the aerodynamic parareters at calcu- éé,

lation points 1, 2, 3, 4 and 5 on surfeace H=xi=Cy are :E

known, various parameters at point 4 on surfaces 'g=C* , g=C* Eﬁi

A

£+ AL, can be solved. g
(2) Boundary points. The calculation method for the toun-
dary points are similar to that for the space vpoints. The rela-

tion between t? and t? at A is known. ZFor point 5 and 9 on sur- — ¥

A

face 'g'=C' (Fig. 1), use point 6 and 7, and point 7 and 8 to

determine p and t? at point A and then to arrange the corres-

v

SAEL S
P

'/

poading two values,

s "]
.

"'.l r
A

rl.(‘l'l.l'
RN

v
»

Calculation was also conducted for a waisted body (axial syr-

\d

metry, two-dimensional). Similar calculation method was used.

15
'’
¢

There were no space points 6 and 8. The unknowns to be determrined gﬂ/
were only p and t?; There was only boundary point 7, and p was the -
only parameter to be determined.

In this method, C.F.L. conditions must be satisfied in order

to makezs%‘ srall enough, otherwise unstability would appear during e
calculation. Such an unstability did occur in our axial symretri- ,ﬁi_

S
cal flow calculations. There was no unstability found in the ’h%

delta wing calculation, since Ag' selected hes been small enough.
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3. CALCULATION RESULTS AND DISCUSSION

(1) Circular-€lliptic delta wing (=0°). The geometrical
shape of this "subsonic" front fringe wing can te found in Ref, %,
After assuming the steps as A&'=Ax'=0.003985, AE*=0.0063754. AL*=0.19635
the surface pressure distributions on the tangential surfaces

x1=0.417 and 0.683 were calculated. HKesults are shown in Figs, ?

)
» 0.15
and 3. 41 -1
0.1 N Il(ﬁ(‘ﬂﬁ) -1 —— x'(n(*n‘)_ 2
0.19 --- XM - 3

* XMOB -4

0.1
a XMOxe-

o xnm;;&—%
0.09 S~ %X o AMOBR -4

0.87

ool o o . L
07 107 207 30 40° 50° 60° 70° 80° $0° b 0" TI0T 207 30" @° B6T BT 70T BT 0

Lo -

M2 ES=0A7ANRANEERES E3 ZEx'=0.6834MNRETMER
Fig. 2 Surface pressure of wing at ¥' =0.417  Fig. 3 Surface pressure of wing at x'=0.683

1-Ref. 2 (zero mesh); 2-Ref. 3; 1-this work; 2-Ref. 2 (zero
Z-Ref. 4, test; 4-Ref. 4, theory; mesh); 3-Ref. 3; 4-Ref. 4,

5-this work. ' theory; S-Ref. 4, test.

Generally, these results agree fairly well with those given in
Ref. 2 and are slightly lower than those in Ref. 3. The character-
istic equation and the relations of the physical proverty variations

along the bicharacteristics on which the present work was based

are correct and the calculation method is a "real" characteristic
one; while the relations on which Kef., 2 and 3 were bzsed are avo-~
proximate, and the methods used are not "real" characteristic ones
(but approximate relations of the physical proverty variations a-
long the characteristics were used ). The difference due to this
is conceivable. The "zero mesh” in Ref. 2 contains "reel" 208
characteristic method which eliminates the difference from the
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approximation elgorithm. Thus, a good agreeﬁent between the re-
sults of this work and those given in Ref. 2 is obtained. The cal-
culation with different steps in Ref. 2 shows that the smaller the
step, the lower the pressure (see Fig. % and 5 therein). ZFrom
this, it can be understood why the author's results are slightly
smaller than those presented in Ref. 3.

(2) The axial symmetrical flow around a waisted body (¢=n°),
Compared with Ref. 6, this work gives smaller values of pressure
distribution. They are also smaller than those given in Ref. 7

(Fig. 4). VNear x1=0.4 and in x1=0.7-1.0 region, difference in

pressure distribution is appreciable (but still very small).
The starting equations in this work and Ref. 6 are correct. 1In
Ref. 6, the algorithm is not a "real" charecteristic one and there

was no "zero mesh" obtained.

- IR0 -2
-— xR -3
o TEIMMDI-¢

.'.‘ Mou=1.7
0.20 LEay s
C» ol PN\ U Y .4 il

-

0 mf\!zsyyﬁj 0.8 1.0x!
-0.2} —

-0.4t L) 0.2 0.4

6 os
@ © BEARER -5
He BEENEGEBRRAER

A

13ﬂ

Fig. 4 Surface pressure and shape of waisted body

1-tnis work; 2-Ref, €; 3-Ref., 9; 4-tect, Ref.7; S5-snhape of waisted

body.

The author thanks Zheng Ginan, who did a lot of work at the
beginning of the computation, and Qian Yiji, who provided the com-

pute code for the Taylor-iaccoll solution to flow around a cone.
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TEERVMCDYNANIC ANALYSIS OF TURECFAN ENGINZES

by
Cui Jiya
Zeijing Institute of Aeronautices and Astronautice)

ABSTRACT

Based on the thermodynamic principles, a mixed exhaust turbofan
cycle is split into an inner “regenerative” subcycle and an outer simple
subcycle (Fig. 2) with the borrowed work (Eq.2) and the borrowed heat
(Eq. 3) refunded to the inner sﬁbcyc]e. The performance of the engine is
shown to be composed of subcycles” performances through respective fraction
ratios @ and B as in Eqgs.4~10. Fig. 3 gives a thorough view of the
energy and efficiency relation in the subcycles as well as for the whole
engine. The illustrated example in Table 1 indicates that, although combi-
ned with an efficient inner regenerative subcycle, a low compression ard

corresponding simple jet engine. The overall efficiency, thrust and specific
fuel consumption are better only due to higa propulsive efficiency. The B

respective functions of two subcycles in the ergine are thus elucidated.

Received January 5, 19g&4.
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1. INTRODUCTION
Since 1960's, turbofan engines have been extensively ) ,'
developed due to their low fuel consumption. However, only a é?
little analysis of their principles1'5 has been conducted so ‘ 3
far, most of which are in terms of the overzll engine perform- <
ance. In the present paper, the engines are eplit up into inner Ei
and outer subcycles, based on the principles of self-induced E;
compression work and heating, and examples are given to show the g%
praciical thermodynamic performances of each subcycle. The sim- ;i
plified solutions of the pressure ratios for three compressors %3
with optimum major performances are obtained, based on the fixed e
specific heat of the oﬁerall engine. The results can be used zs ﬁ{

& reference for analysis and designs.

2. SEPARATED EXHAUST TURBOFAN ENGINES 1£ﬁ
Though a dual-functional process can be expressed in e R

terperature-entropy diagram (Fig. 1), there ie no heat gource in

T T ba - :'-.'_'
s
z -
1%'\/3 e
L% el
o .‘.‘..
H s F] ;‘:.:
Bl FEAMBDE REAR, ABWELY, TR ‘
Fig.1 Separate Exhaust Turbofan(State points except 0, 9 refer to total perameters, :_<'
same in Fig. 2) :"-
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the outer, and a cycle does not occur, based on the second law

of thermodynamics., Thus, analysis can not be done on it.
However, the propulsive efficiency can be givided into the ratios
of propulsive work to effective work for the inner streem and

outer stream.

1 w P "‘B -t P
P _T+B"' P 1+B ' Puo_.. -
==y Wit W, Tt B :

where o, and P, are the effective work part ratio of the inner
strear of flow, and that of the outer stream of flow, resvect-
ively.

It is shown from the sample calculation in Teble 1 that since
there exists flow ;esistance due to the turbo and fan when the
effective work is transferred toward the outer function, the
thermel efficiency of turbofan engines is lower than that of the
corresponding turbo engines. The reason for an improvement of

their efficiency, propulsion and fuel consumption is the imoroved

propulsive efficiency due to separated stream of the low-sveed jJet.

2, i IXED TURBOFAN ENGINES

An approximate analysis was conducted based on the constant-
overall-pressure mixing. The same analysis can also be used for
varying-overall-pressure mixing, Fig. 2 shows the thermodynamic
process which was split up into inner and outer subcycles. The
outer compression "borrowed work" from the inner

Wier.= BAi o1y [Ma=(1+9,) AiJ (2)

and the outer zlso "borrowed hezt" from the inner (i.e., borrowed
‘uel Bg, )

8l

o, 0Ty WL T T, T T, e e P P R S - A R S S ST
L7 S L . I "y R W » . AR R -
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B2 BERMRzHH
Fig. 2 Mixed Exhaust Turbofan

Qbo'. =BQ:|H'EJ=BA1',,--,J= (1 +g;)Ai‘7J = Aiulj ( 'Z)
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The inner was equivalent to the regenerative subcycle tefore the
tail jet. Interestingly enough, such a regeneration made the tem-
perature 2t the exit of cold flow higher than that at the entrance

of the hot flow (Té7T4).

: Fig. 3 gives the energy relations. TIor settling accountes of
. the inner and outer subcycle'performance, it is only reguired *o
sot out the "borrowed work" and "borrowed heat] resvective’yv,
. _ 1 [Q+ga-v: L ] _B_ [Sl_“ﬁul?i‘_"i_w ) 3] s
X w=1335( se — TWe J*T4B 29 wr/B] (4)
. P —— [ —
-‘ ",,' W. o
\ S —— —_— b e d -
N Qg W' BG Wl
W 9 W, _Bag. _W,
N = ——— = —_— i+ (5)
oHIT+B ¢  guHJ = 9 gHJ
. 9 My Bo Ny
. 1 [ (+g)e=V , ] B ,[(l+g..)c,-V VW ]
P—’iq_B[ g V+W..,, +1+B Q tar./B
N p—t " Nty
\. % Pl BG P]
' (6)
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' 2= M mi oy T
; 9:HetJ N ‘
i (]+g,!)c.‘+l”
Wi= 2
N g
_'_ ;q-_t“”
. Wi=Wi+Wier (l+9'[)co‘VV
- = 5 B P ee 4
=1+ 90) Bind +Wier P Sy A
= BAT . y2] /M - =W+ BW, (1+9'+B)¢|-(1*B)VV
=W,;+BW, 9
- cpltgpet-yi| Q4o+ Bct-U+BVE| (1+g)6=V
¥ B B % AL
- , R / ~ W sor .
s 7-|nEER0. BW1=BWo - Wi /'""m.)‘—"i"* ; -
- = Bory HekJ /i— S 1 29 AIEAR 3
éﬂ"é Moy
- ..ttt
. BQL+ g.y) Aiged
M3 HETEEXE
Fig. 3 Energy Flow Chart of Subcycles
y 1-space heat loss; 2-combustible oil heating; Z-remaining sneed
[ kinetic energy loss; 4-outer function's borrowed work; S-effective
3 work; 6-propulsive work; 7-outer function's borrowed heat.
Note: The effective work minus the remaining soveed kinetic energv
. lose is still smaller than the propulsive work, the differ-
- : ! 2 .
N ence being g.,—'%nn,.% . The energy was repleniched by the
. kinetic energy of the fuel during flight.
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A) Table 1 Examples of Performance Composition 33
s

ks (H>11km, M=0.9, T3=1358K, M,=0.99, Nj=0.841, H,=10300, ]
p £ =0.97, 0,=0.96, "j=19.05, N3=0.778, N$=0.925, Ma=0.99, 8
N,0=0.9725, Opi,=0.97) E

. n n S
o I '» +
o
g |- RB2HN . 46.39% 44.80% . .:
2- HRAR : 3-nR W,

B=5S

! 39.81% 0.3105x67.73% | o

. 75.45% O
: Lo Lom 0.6895 x 78.92% § oy
:“ /] ! l‘,_*n J:-:
- '
.: S__‘l#ﬁ' é-l’iﬁ'ﬁﬁ' "..-
| 0.6854%55.28% 0.8019 % 65.54% | :

B=0.7 1 47.25% 5 53.08% b

: P 0.3146x29.75% 0.1981x 2.66% A
. w8 =3.328 :
YELEE

N Mo : Rew ‘GR;" ' Cr .:_:
20.78% 69.40 69.40 1.0455 =
~ 30.04% ] 16.72 100.32 0.723 -
- ; Y
": i o
- 0.6854 x 36.23%] : l—‘;:sz.sz 83.75 0.9901 x 0.5998 By
. 25.08% ‘ 027 0.8664 Sy
< 0.3146 x 0.79% 0.7 ' | 0.0099x27.45 N
’ TFx1.187 : e
- "
¥ 1-turbo engine; 2-separated exhaust turbofan; 3-inner stireanm; o
4-outsr stream; 5-mixed exhaust turbofan; 6-inner subcycle; and )
l' ‘:\.
: 7-outer subcycle. e
Y o
; o
4
% -‘:..
K A
S o
i ::'r
L \
5

N X
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- o
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where o and ﬁ are the corresponding part ratios. Accordingly,

the unit propulsion and unit fuel consumption ere

= 1 <l+grl)cq—’/’ Wbor. B (1 +g'|)0,—V W“,,/B
Re 1+B[ g = ]+1+B[ 9 7 ]
—— —

ac R‘Ul R‘wl

-1 _p =2 (10)
ComTFB ™ g, x3600 9r1 X 3600 :
R‘o R‘wl R"l

fe— , -

respectively. ax Cry ) ‘ Car

(2)

It can be seen from the sample calculation in Table 1 that in
terms of thermal efficiency, regeneration improved the inner sub-
cycle; however, low pressure and.low temperature made the outer
subcycle worse, so that the engine performed only slightly better
than the corresponding turbo jet engine., It is the high propulsive
efficiency which made the overall efficiency, vropulsion (ex-
pressed by R/G1) and fuel consumption superior to those of a tur-
bo jet engine. Since the heat and kinetic energy of the gas flow
in the outer function was not fully used, the unit propulsion of
the turbofan engine, Ry, ie lower than that of a turbo jet.

After slight adjustment, the subcycle method can be used to
outer-functionel afterburning, mixing afterturning end cdusl-
functional afterburning engines. However, when designing and

analyzing the optimum parameters for a turbofan engine, a2 sirple
g ’

. . . 1-7%
way i1s to take the overall engine's performance into account. -
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4, SIFPLIFIED ANALYTICAL NMETHOD
In this study, the specific heat was assumed for engine's
overall process. Then, the performance parameters were solved.
The condition for dual functional. constant-overall-pressure

mixing is

k-1 k-1 Il
. k L nt
of 1 (3 sore[T * =1 % :i]
ni-(F)  een[tgtesty
k-1 k-1 k-1
Assume x=x; k | s=ze * and B’ =Bny/n3, C=T3y/T3ing, 1,=0, & ,

then we have the fan pressure rati-

f= (A+C+B' C)x~-Cx?
B’CZ+1/1’, (11)

wWhen dx =0 , B Cx*+(2C/1,)x~(1+C+B'C)/t,=0 .
From that, Xp wWas solved for the compressor pressure ratio (=)
with the maximum fan pressure ratio (which means an optimum

afterburning propulsion and lowest fuel consumption):

x, == L+VITB Q+C+B O, (12)
B'Cx,

If the overzll pressure loss in the combustor and the difference

between the compressor efficiency end fan efficiency were no

teken into account ( 0'=1=t and 3'=32), then, the eguation could
1 ’ 1

be simplified into A.M. Lyul'ka's equatlon(4)

after dval functionel rixing
k-1
Tom To+BTY Te+BTY_ T3-Ting * —1)/mp+BT}
1+B 1+B 1+B
2 I3+(B+1/n)T? TS
. 1+B “m+8)”
— _
- P
Assure 4-1 | then tne temperatire cecrease of

T =n, b Nz =0 k '

the tail jet was AT°=’1,.(P Qx)(l— J)
ui

Y

P R P .
raTAele e e

e
LAY
[

33

4

nu
s
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G, G,

—— e,

=r]"(P Qx)x —{1+B’(1-I/T‘l’m“)—]/c’}x + I/TTm..TC
*—(1+8 +1/0)x
N———

G,

The unit propulsion was

={’/zgc'”"[(P-o,:)(_x_z_c,xu;:)_]_,,l;/g

H=Gx (17)
From d;x)__q in eqn. (13), Xn of the compressor pressure retio
(=9)x when the propulsion was maximum was
T (G.,-G P P
x‘—zG,x’—(-——‘—O——’— P +G;—Gl63 )¥’+ZG;—6' X ’—G;G; —Q— = 0 (14)

After test calculation, x had only one rezl root from 1 to 3.727
(n3=100)

The fuel consumption rate was

k-1
Co=-D3 T'f1+(=r’ “k —1)/n8) ¢, 3600
K S
Pt ee—

: (1+B)tH, 4

3600 K —Sx ;

“Q+B)tH, H P— t2G,x+G, o
( )& ( Ox)(iG,x x ) —Viviged)
V

Tron i£;2=o in egn. (15), when the fuel consﬁmption rate was

. . 2 ]
minimumr, (™e , x. was

| (P=Qa(#=CEt Gy | [P0 =CaxGy_ Vi
V xl_Gsx xl_Gax ‘/ T"k

_K _ s _ G—G, _ > 2 B - f 7
+°("’s>["' 6.0 (G5 P+6,-66,)x+26, G+ GG ] (19)
2(x*—Gyx)?
= (
After test calculation with equation of higher degree, x only hed 403

one real root from 1 to 3.727.

The sample performance calculations are given in Fig. 4 and

Table 2, In the case of =ccurate solutions with varying specific

87

...........................................................................
...........................

---------

o

PR Ay
v % N

.

o« e
PR arn
..

.A..,,...
v R

S

i

Rlea

[

LR IR
LN I N
2SS



.
.

o

4

>y . .

AR L

¥

-

N

Table 2 Variation of Performance with Compressor Pressure Ratio. -:

o~

|— REM (c,=0.24 k=10 l;t.l'l,‘sonn | Y-HLMERE(T,), = 0.848 .;

2 mr=0.925 | (My)7 = 0.91 . ‘,;;

L]

2 % £ o 2 4 £ a i

..

2.97 1.791 7.7 1.2632 362 1.991 77.4 1.1769 5_
4.9 2.244 .1 1.0727 €93 2.2 8.1 1.0768
6.90 2.530 76.1 0.9857 6.23 2477 82.9 1.0164

8.87 2.720 76.6 0.9328 s.85  2.753 83.9 0.9442 8
12.26 2.911 75.8 0.8754 12.25  2.047 83.1 0.8908
15.65 2.997 74.3 0.8383 15.6¢  3.03¢ 81.3 0.8573
19.04 3.020 72.3 0.8119 19.0¢  3.057 79.2 0.8341
27.02 2.938 67.2 0.7716 25.08  3.007 75.0 0.8072
34.99 2.766 62.0 0.748¢ | 3.2 2.8%4 70.7 0.7913
42.97 2.559 56.7 0.7358 37.18  2.750 66.3 0.7827
50.94 2.343 51.4 0.7317 43.20  2.592 62.0 0.7799
52.45 2.302 50.4 0.7318 48.20  2.458 58.4 0.7815
58.62 2.138 46.4 0.7357 53.20  2.323 54.9 0.7867
5.2 1.967 4.9 0.7465 58.20 2191 51.4 0.7956
72.47 1.791 7.1 0.7679 63.20 2,061 a7.8 0.8090

1-fixed specific heat; 2-simplified solution; 3-accurate solution

with varying specific heat. E..
Cr ::':: 3
1. H=11 ' e
X Ma =0.9 -. o~ 3
1.2 B=0.7 e
it Ta=isseK i
[=o M{LARN" =0.778, " = 0.925

1. RAK (.= 0.848, (T)r=0.91

\'._2-.
B
e
h:,'
P
M4 HEMESHELER ~
Fig. 4 Variation of Performance with Compressor Pressure Ratio .
1-simplified =nlution; and 2-accurate soluti-n. el
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: heat listed herein for comparison, the mechanical efficiency _ E
nm=o.99, fuel consumption g outer functional overell pressure E
-
o

coefficient 0}=O.99 and tail jet efficiency nnk=0.9725 were con-

2 SN

sidered and the cooling air coefficients were introduced: in

%

combustion, Y=0.91; in the turbo with compressor, yk=0.9456 and

.-
S

2 e
.

with fan, Yf=0.97; In order to take into account the variations of

compressor and turbo efficiencies with vressure ratios, the multi-

variant efficiencies equivalent to that in Table 1, (qp)k=0.848 E;

and (np)T=O.91 were assumed. This means that the ordered ef-

ficiency was nearly unchangable., The big circle and cross in

Fig. 4 and the underlined data in Table 2 are the optimum para- 3

meters. Generally, the initial data are similar to those in Tatble 1.
It is shown that the simplified anelysis can not only show

the tendency of variations but also quickly estimate the vressure

ratios of the two compressors with optimum propulsion and fan

pressure ratios,
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