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xN INVESTIGATION ‘OF THE COMPRESSIBLE VIScOUS
' SEPARATED VORTEX OVER THE WING
LEADING EDGE

'Lin'B'mgqin - : ) L
(Beijing Institute of Aerodymaemics)

Abstract

Based on the Navier-Stokes equations, the compressible viscous vortex equation des-
crihing the separated vortex of an aircraft is derived and a numerieal method for sol-
ving this equation is developed It can be used to subsonic, tmansonic and supersonic
vortex flows. The breakdown condition of the -conpressible seperated vortex is derived
and used to compute the breakdown place. A series of interesting features about the ef-
fects of various parameters such as compressibility etc. on separated vortex motion are

obtained and analysed.
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e , . .
'{ Based on the Navier-Stokes equations, the .
N compressible viscous vortex equation for de- g
~ scribing the separated vortex of an aircraft g
b, is derived and a numerical method suitable for

subsonic, transonic and supersonic flows 1is

o given which can compute the characteristics of
p separated vortex or trailing vortex. The break-
. down condition of the compressible separated
vortex is derived and used to compute the break-
% down point.' A series of interesting features
about the effects of various parameters such as
compressibility, etc. on separated vortex motion

» are obtained and analyzed.

~! ’

-~ '

\-

Dy I. Preface

o The incident angle adopted by recent winged aircraft is

S

a% becoming larcer and larger in order to more effectively utilize

o

bl the vortex 1lift generated %y separated vortex of the component.

V. But along with it comes the interference between the vortex system, -
. I
i between separated vortex and component, and between aircraft <
",’ v |'-
" and trailing vortex. and the future motion state of the vortex 'y,
" ivs217 also has unpredictable factors occurring sometimes. Therefore,

w 1 detailed study of the motlon laws of the vortex itself becomes e
Z :
ol 3 ..
v*

xS 3

ORI 1‘\( f' '("*}‘e_-r -" ;'-,.~\-f.\l'."
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”» the first step. Up until now, there has been much research, both
N

\ . . . . .
W theoretical and experimental, done on this low speed, incompressible
L .

. ' vortex. Brown[‘], Hall[z], and Muirhead[B], etc. have done much

RS . . . .

Tl research on the compressible viscous vortex, but it is still

o far from sufficient.
\

\-.
PR The effects of compressibility on the vortex are extremely

.\' .

'$ distinct. We must establish a computation method suitable for

i subsonic, transonic and supersonic flows and clearly understand

N

:j the effects of various parameters as well as the breakdown features
-
f:: of the compressible vortex, etc. This is exactly the subject
P which this paper wants to solve.
fH IT. Motion Equation of the Separated Vortex

5? We assume the vortex is laminar and symmetrical and can

ot

;: be described by N-S equations using cylindrical coordinates.
~ )
oy The coordinates system x, r, O correspond to component velocities

N

o u, v, w. The external flow (or external flow field) of the vortex

2
P . . . . .

¢ can be described by compressible, nonviscous, lsentropic flow.

()

’ Assuming the vortex is very slender, let &€ be the local slender

*

e, ratio of vortex, and € is first-order small quantity. Based

)

W

.& on quantity-net analysis, v=£€u is derived from the continuity

equation; we take w=0(u). The coordinates and variocus physical

L
;2 quantities are written as normalized quantity-net forms according
s

~2 ~0 this order of magnitude relations: r:r/Ri, X= &x/Ri, u:u/ui,
o - _ - 2 7 - > _ 2

- :f—-w/ui, v=v/ £ U p=p/ﬂiui, f’z /D/ﬂ X T:Cp‘/ui and h=h/ui. =
o |
2 ]
b )
wd 3 5
5 3
A 3
Y
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The bar above the nomenclatures denotes normalized quantity-
net quantity. R, f)i aid u, are initial radius, density and
axial velocity at the ocuter edge of the vortex cross section,
respectively, and here they are selected as reference quantities.
p, T, h and cp are pressure, temperature, enthalpy, and specific
heat at constant pressure, respectively. Substitute the above
normalized quantity-net quantities into the N-S equations, and
take the reciprocal of Reynolds number R.= PiuiRi//li as a first-
order small quantity, then omit the second-order small quantities
in the equations to obtain vortex motion equations that describe

the compressible viscous vortex:

continuity: a(‘;pu) + é(ar'pv) -0
X

Axial Momentum: 9% 4, O« o _0p  f 0w 1

Or or Ox rRe Or Re -5;_

Radial Momentum: ‘L“.’.’-,‘?E
r Or

Rotational Momentum: “,éﬂ

ou
- = Ba 6r - Br - 8r «_Rel\br

e a e o

where all quantities are normalized quantity-net quantities,

Energy Equation: QZ+‘,,§I_“QL+,,2&+J_[(Q"_>‘

and the bars above nomenclatures are omitted for the sake of
convenient writing. Pr is the Prantdl number, fz/l//éi, the
eguation groups is a parabolic tvpe, and solutions can be derived
=4

if initial and boundary values are <known.
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IIT. Numerical Method of Vortex Equation

The method for solving partial differential equations (1)~
(3) should be based on thé mission of the problem. The net-grid
method is suitable for computing vortex féatures in a certain
section of the flow field, such as computing the features in
the breakdown region. Even so, convergence is difficult to obtain
at a slightly higher Reynolds number. It is not economical using
this method to compute a slender trailing vortex either. 1In
order for convenient theoretical investigation, we turned to
the solution method similar to those adopted by Reference [4]
and [5], and expanded it to solve for vortex motion taking compress-

ibility into account.

1. Solve for the radial velocity v from equation (1),

v - g-—(L—zdr

T e
and substitute into the v's in equations (2), (4), (5). Then
take the integral along the radial direction while noting the

outer edge and core condition of the vortex

Bu | 0
S— R cme—— - 'Y
ar L-R. 6’ [-‘
Differential and integral equations corresponding to (2), (4),
(5) can be obtailned:
R du, * 9 s
S" B (rou(u — u,))dr + S ! roudr == — L 'Ee'd' (%)
] ac {* 2CY{,

r &
5 —a-[rpu(T— T,)]dr-f-é—T—'S roudr
* 9 dx Jo

x
—E:ru——f-dr~§:(j;i%'ﬁdr)‘§dr
+er'[(/-‘aikz+(,95—3']dr+l"— 6T, B
Re 20 \Br) \ 8r r) RePr B L

“a P .
e N '. oyt

\ e >, ey il
ﬁ{‘mﬁ‘fu :Luﬂ...'(‘%f;fnﬂrd "' -{' 'x._("g_' X ..(-:KL:.‘LAFA.,A.‘\’C?'L& s.'\&‘ "s TRALTRCR R




e .
where c=rw and C=Rwe are vortex internal and outer edge circulation .
parameters, respectively, and represent vortex intensity. The .
_ subscript "e" represents the vortex outer edge.
2. Expand the functions u, w, p inside the integral sign .
into polynomials:
- - : L] )
u = Zu,q', '”_Zw"l'! p - Z o’
Y imy imq .
where ll =r/R and the coefficients in the expansion are determined
by boundary conditions. If u, w, p are known, then /0 is obtained 4
from (3) and T-is obtained from the state equation T= % —g— in :
+
normalized quantity-net form. !
At the outer edge of the vortex where r=R, u=u_ and ‘—;i=-i‘_o.
r ar? !
and 8¢ _ % _ ;p 0 9 _ ocC?
w=C[R, O 3 and o e
At the vortex core where r=0 =u = w=0 and aw—w
& S - ’ u= OI p_po, - dr_ .
w is called the vorticity parameter of core. Its relations with
the vorticity of the vortex core is QO:ZW/R’; and also from symmetrical
feature 9p % _ 080 g, ¢
Br Or Or 3
where ——%—Pr— r:O:O is an additional condition for p. Each expansion
has 5 boundary concditions; therefore, pentanomials are obtained )
as follows !
= u,(} — 69 + 8% — 3%°) + 4, (697 — 30’ + In')
t ¥ -%(10—15w+6n‘)w’+'w(l’—3’1*‘3"1"—'1’)’1 o)
I 54
:;::'J p=p+prm+pn+ oo
e 3
w2 34 [55 — 4(p. = p))
p, = — < »
‘ 2036, + &)
-
Mol
,:,-_:: s
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b, [%S’!‘ — 4(p. — Pa)}
35, + 4,
po=(p.— p) — (P: + )

Co 8 ’
by P, by =20 =2 — 6, ZP!| m f(CIRY -
, e an'l' ACCIRY -

s

P,——

The subscript "O" denotes core vorticity.

3. In principal, substituting (9) into each differential
and integral equation (6)-(8) and then taking the integral sequentially
can simplify them into a group of differential equations. However,
since the form of integral function is more complicated, it is
extremely cumbersome to derive’using an analytical method. For
this reason, we adopted a more generalized method. Separate
the first-order derivatives from the egquations, then set the
integral of various complicated forms as the coefficients of
those first-order derivatives, and use a numerical method to
compute these coefficients. 1In order to illustrate the derivation
method, a term with the most representative form is selected

for demonstration purvoses, [or instance:

r
E: L4 (S:n' % dn ) dn,

where & = b(P(x), a(s), R(s), w(x),p, (5], u (2 €(x))
¢ = o(po(x), u(x), R(z), wls), p.(#), u(x), C(x))

N

arate all the derivatives, then the above integral is written

Se

o]

1 [ - 8¢ > - ’
: r-_(G W <)°*’ 3:4,,)1-, > FY,
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c
an odd point will appear at the lower limit of the integral for
the function under integration. But the odd point can be eliminated

within the range of the problems we are solving.

Now three first-order, near-linear differential equations
are obtained, yet there are four functions Py uo, R, w to be
solved. Use a method similar to thos- in Reference [4] and [53]
to make an equation (2) satisfy the boundary condition at the

core and obtain a supplementary eguation. Thus, a closed eguation

system 1s formed:

RS

o= ‘P‘ - Pf ‘_.Yl

A o - B e + f:
R C A (10)
w 0 T4

he apostrophe means to take the derivative once with respect

a, + ay, ayy an + ay a,y + ax
A - by 2 by, by
cu—cuF ey cntcen cptca— et Gt ce
du do 9 0 J ;_
—(ay, + ay) —(a,, + a3 + ay) ay + ay Ow -»
B = —by — b — (b, + &) 0 ::_
cyg—cp—ca —(cu+tca—cutcu) ex—cu—cn—cu 0 Ny
0 0 0 [V

9D

ee appendix for the expressions of the aforementioned elements.
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_\.
the vortex, axial velocity U circulation parameter C, Reynolds ﬁf
number Re' Prantdl number Pr and viscosity coefficient ratio f. ;ﬂ
v It reflects physically the effects of nonuniform external flow, X
. 2
viscous diffusion and heat conduction on vortex motion. The )
- "._ 4
initial conditions at the outer edge of the vortex are ug =1 and 2
i -
Ri=l.‘ The initial pressure of external flow can also be expressed -
a A
in the form of external flow initial Mach number Ma . Ma :[(I’CI)/ o
’ i i '::1
1/2 . . . ‘5
/{ pc ] . In the computations hereinafter, Pr and f are approxi-

i _—
mately taken as P _=1 and f=(T/Ti)O'75. When the initial values of o
external flow parameters and functions are given, then the Rung-Kutta lﬂ
method of fourth-order accuracy can be used to numerically solve =
equation (10). It is not limited by external flow M number. h:

1:;'

IV. Analyses and Discussions of Calculated Results o
LY r

“.

o

1. Typical Internal Distribution Features t{

LS

‘-.\.

w1

We selected a group of initial parameters and external flow {5
parameters which correspond to stable motion of separated vortex, and }5
the calculated results are as shown in Fig. 1. It displays the radial x
changing laws of various physical quantities on two cross sections of t{

T
the vortex in supersonic external flow. R
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Fig. 2. =IZffects of compressibility on initial pressure at the vortex X
core

In the initial stage, x=1.63, and the changes in various physical 5

quantities along the radial direction are greater. Further downstreanm,

A

tney then tend to stabilize and should become ~2qual 2o those of the
2uharnal Sflow., For 2voery Ccross sechtion, 1ial ovalocitv o near e o
: : 5 .
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ﬁﬁ the opposite. The radial velocity v basically maintains its value as
5
oy . . ) , ,
'”:’ a1 second-order small quantity, which is consistent with the order of
't
. magnitude analysis. At the vortex core, axial velocity is in the
V. .
‘j: deceleration process and gradually approaches 1. Pressure change
«':-j .
e is in the inversed pressure process. Rotational velocity w is similar
i to Berger distribution; it is O at the vortex core and after reaching
" _
: ﬁ maximum ({ < 1) as 7 increases, it approaches 0 at infinity. The -
:{: vortex radius gradually expands and this is closely related to vortex .
-!c
core deceleration.
Lo ¥ o
N
) 2. Compressibility Effect
o
L
EQ The internal density of the vortex under high speed motion 1is
SN -
i variable. But /7< 0 must be maintained; it is the necessary physical
(o
condition for the vortex to be in existence. Substitute the expansion
A -': . . . . . '
S of p into (3) and let r=0, then the initial density at vortex core is:
o
o g
- __3_[1(&_3‘12_11,
b 4 28 c
Ot Therefore, if satisfied
2 P — Poy > Cl/4
‘Ad “ % ¢ (11)
1N
'_‘\"
W
oy or 1+c_c
P S oME 4 (12)
TMa 4
Sﬁ. Thus, Fo > 0 can be guaranteed. Equation (1l1) shows that only if a
. i .
;: specific pressure difference is guaranteed can be existence of the K
~ |
.\ N 1
N vortex be maintained, and that at this time, the pressure at the vortex %
I - -
Lo core must be lower than the external pnressure. Equation (12) shows N
e A
. that the selected initial pressure and vortex intensity for the exis- q
o ;
L tence of the vortex are related to external flow Mach number. This i
b
‘?{ r2lation L3 vlsually displaved by Fig. 2. Solid lines are the I 2
f.‘-' l ‘l-
n_:, .. N
T
i .
< b
1
3 2
N, <
o , g . : y

"3{" .:-‘
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! .

15 curve at p, =0 and constant Ci' Dotted lines are p. curve at constant

5t ; ;

W\ i _ ' ' 1

:3 Ci. The region between solid lines and straight 1line Py =0 (the

Ky » i

. abscissia) is the region where significant vortex core pressure Py is

- i

A .

-S selected, i.e., the region where the vortex can be formed. As Mai

2 :

. increases, said region becomes smaller. After Mai is greater than 1,

A N

R this effect is more distinct. It stabilizes after Mai> 1.7. The
-

:}' larger Ci is, the smaller the region is. We have noted that when Ci is
\Q

s e . . .

N larger, and after Mai exceeds a certain limit, said region shrinks to
# zero. At this time, it 1s impossible to form the vortex. Moreover,

bt _

\I . v . 3

-, under the condition of smaller Ci (as Ci:O.l in the figure) and very

o
« .

AN , , , , ~
) large Mai, the pressure difference between the inside and outside of
. the vortex is almost negligible. At this time, it is meaningless to

S

hY . . .

~7 generate lift using separated vortex. In experiments, the measure-
-, -

o ments of pressure distribution for a slender cone-shaped 1ift bodv

6 L

" have shown[ ] that the pressure peak on the surface trailing the

- wind becomes level as the supersonic Ma number increases, which means

"\

Sl R .

;: the disappearance of the effects of separated vorte:x.

o
2 3. Breakdown Phenomenon of Compressible Vortex
!-l
?

(oA
. We assumed that there is a stationary point at the vurtex core,

- and the origin of coordinates was set at the stationary point with

- L . . ) . .

. positive direction of x-axls pointing downstream. Each physical

Ly
z gquantity is expanded near the x-axis of the stationary point:

_\: .

- U= u(2) + ()i + oy v (B A+ () A - PSR

:::: w=w (£)r + w,(#)r + -, peapls) + ple)ei+ - -

o p= o(®) + py(2)ri 4 -

Subseituting into the N-S equations and takeing '/Re as higher than

A" ) . ) )

s s2cond-oraer 3mall gquantity, then the followving is obhtained:

2
-t

> e
§
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potto + 2por, == Q (14)
Po + Poéouy = 0 (15)
I‘gw: + Zulw, [l 0 (16)

From (14) and (15) to obtain, respectively

o= L, (17)

Po= —ay(s3)/2 - (18)

Substitute (17) into (16) to obtain

P (19)

where c, is an integral constant. That axial velocity should have the
following features near the stationary point are already Known:

U ee- < 0 or () |emo~ < 0, ugl,epv <0 OF  (42)|,m* >0
Therefore, ii can be observed from (18) that Py increases from up-
stream of the stationary point to the stationary point and pressure
is inversed along the axis. Conversely, pressure changes along
the stream from the statiocnary point to downstream, i.e., pressure
is maximal at the stationary point. It can be derived from (19) -
that w, is equal to zero at the stationary point and that in the
upstream and downstream areas near the stationary point, vy changes
sign after passing the stationary point because ug changes sign.
This shows that at the stationary point the radial gradient of
rotational velocity, dw/<ir|r:0=0, or vortecity qu (or w=0).

After the vortex passes the stationary point, the rotational velocity

of vortex reverses direction. Equation (17) shows that the radial
Do . . d v

gradient of radial velocity, j;?gr_o>(L Therefore, there 1s a

negative hranch surface stating from the stationary point. The

.
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flow departs from the vortex core with the stationary point as
the separation point, and it is also the odd point. Its mathematical

condition is concluded as:
6vw'| Ov | :
—-0,0=0,~=2% o9, & >0
4y y W ) a3, "q s ar ‘L_. (20)
It is the axially symmetrical breakdown condition of the vortex.
It is completely identical in form to that of the incompressible

(4]

vortex .

A large amount of computation and experiments for subsonic
and transonic vorteﬁ flow have shown that the breakdown point
takes two forms due to the effects of compressibility. One is
the sudden change. Immediatel} upstream of the breakdown point,
various physical qugntities gradually change. At the breakdown
point, the realization condition (20) can be approached. Figure 3
shows the calculated results under uniform external flow and subsonic

condition. Breakdown place x Dle.Z, and u, and w approach zero.

B

We studied the effects of various narameters such as Ci’

u_., Re and initial pressure difference Agﬁ;p - p on the break-

o1 ci oi

down point of the vortex through a large amount of computations.

Increasing Ci, zkpi, respectively or reducing u i+ Rey respectively,

will promote breakdown of the vortex. Conversely, they will delay 4
the occurrence of breakdown. These conclusions are completely E:

(4]

identical to the results of the incompressible vortex .



Fig. 3. Computation of the breakdown point of subsonic separated

vortex
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tThe prmcxpk of flow _velocxu.and ﬂow-pnttern measurements wging Doppler-f:requ—
:}i" ency-shifted absorption (or emxssan) spectral lmesvas well as Doppler-frequci.. yishif-
: ted and deformational nom-saturafion spectral line-shapes is discussed, in—this—peper.”

For the case 6f ges flow with simnltaneously inhomogeneously and homogeneously bro-

N N adened ]in_o, the general expressions of non-saturation spectral lihe-shape and Doppler- S

e frequency-shifted spectral line are presented. For the case of three representative gas
e flow with inhomogeneously broadened line, thd aumcrete expressions of non-saturation
. spectral line-ghapes and the qualtitative and qnantlmnve relationships among RNow.velo-
exty Tlow-pattern, Doppler-frequencv shifted spectral line and deformational non-satu-
ration spectral line-shape are also given.
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This paper investigates the problem of
using frequency-shifted and deformational -~

2 laser spectral lines to measure the gas macro- ﬁ{
j scopic flow-velocity and flow-pattern. For the N
b case of simultaneous effect by broadened Doppler O
q lines and broadened pressure, the general expres- -

sions of nonsaturation spectral line-shapes and £x o

frequency-shifted relationship are obtained; for —

A the case of three typical gas flow and primarily EYY:

N broadened Doppler lines, the specific expression =)
F: of nonsaturation spectral line-shapes are obtained. 3;
N The frequency-shift relationship and the gualitative a
and guantitative relationships among shifts and KV

deformations of nonsaturation spectral line- 5

. shape, and gas macroscopic flow-velocity and "
e macroscopic flow-pattern are also given. Ef
EI ..:w::
g I. Preface A

:_E_. =)

q The interaction phenomenon of gas flow and laser is somewhat jﬁ'
different from the interaction phenomenon of gas and laser. The !

A Ot
S, macroscoplic flow of gas will cause the absorption (or emission) _i
’ N

' nectral lines -o have {rzquencv-3hift due to the Dowvpler offock, :ﬁ:

»




and deformation of nonsaturation spectral line-shapes will occur
in addition to frequency-shift (saturation spectral line-shapes
wvill certainly also have a similar situation occurring[z])
shift, spectral line-shape shift and change in line width after
deformation are all proportional to the flow-velocity component

in thé light-distance direction, thus flow-velocity can be measured
according to laser spectral lines measu;ements[l]. Parameters

such as gas flow density, temperature and gas composition naturally

can also be obtained from laser spectral lines measurements.

Using spectral lines frequency-shift to measure flow-velocity

has the advantage of non-ccitact measurement; comparing with the
H

laser Doppler velocity measurement method (LDV)[3], it has the

advantage of not requiring the addition of tracing particles in
gas flow; therefore, there are no such problems as disruption
of gas flow and whether particles can move with gas flow, nor
are there limits on gas flow-velocity to be measured {(or gas flow
Mach number Ma) and gas flow acceleration. Spectral lines frequency-
i5 pnroportional to the flow-velocity component in a light-
distance direction. The larger the flow-velocity is, the more
fective the said method is. Therefore, it has the unique advantage
“0 transonic, supersonic flows and the measurements of their boundary
aver flows. The shift and deformation situations of nonsaturation
spectral line-shape are related to the gas macroscopic flow-pattern;
herefore, said method is also possible to be used in diagnosing

3325 macroscopic flow-pattern.

ifferent jyas

development

. Frequency-



in high resolution laser spectral technology, it is possible to
more effectively utilize the laser spectral diagnosis method for
parameter measurements of multi—composition gas mixture, isotope

gas mixture and multi-phase flow, and meanwhile obtain parameter
information such as flow-velocity, composition, density and temperature,
etc.; -said method can also be used in parameter measurements of
various inhomogeneous gas flow media; for turbulent flow diagnosis,
sald method possesses a very large potehtial. Hence, it appears
quite necessary to further study the principle of spectral velocity
measurements, to conduct analyses and discussions on the situation
of spectral lines frequency-shift as well as shifts and deformations

. . ]
in spectral line-shape.

II. Nonsaturation Spectral Line-Shape of Gas Flow Medium

X
3
-
D
-!
N

A

=Y

The spectral line-shape definition of spectrum is

1(»)
I

g

P

e(v, ) = =~

. -
»

[ = 3-- [(v)dv, Bt-g(v, v,)dy == |

Yok

o,

2
-y
e a g

2

where v is freguency ) is spectral line center

represents the distribution function of light intensi

on frequency, I is total light intensity. For the common

situation in fluid dynamics, the contributions of Toppler proadening
and nrassure (homogeneous) broadening to spectral lines broadenin:

rrn o 2ually lmportant., The nonsaturation
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where
R AT B
9 ) Q- = — — "‘LDZ [
gD(V )VI) Avo (\ - ) exp AVD Z .
. Avy/lx
guly, v') = = A 2 (> =\
(v—v')z+(~—:"'> -

gD(V', vo) is the Gauss line-shapes at center frequency of Vi
gH(v, v') is the Lorentz line-shape at center fregquency of v';

A vy ani A v, are the ful’ :idths of Zauss and Lorentz spectral

line-shapes at half-peax value, respectivelv, and are called lino-

92

shape width. At low gas »nressuro and predominantly Doppler broadeninz

(i.e., ZSVD >>A$VH), take the approximation gD(v', Vo):gD(V’ Vo)' and
(2.3) can be simplified as .
g(”: Vo)-'lo(v, v,) (2.6)

At verv high gas pressure and primarily homogeneous pressure broadeninz
(i.e., AVH >>AVD), take the approximation g,. (v, v')?—:gq(v, vo)

and (2.3) can be simplified as:

g(va ”0) -— gH(V, v,) ( >

On the other hand, the nonsaturation and absorption (or emission:®
spectral line-shape of gas flow can be theoretically determined

icle

93]

cr

through a certain velocity distribution function of par

This kind of particle velocity distribution function F(v') gives
the probability for the particle to possess a displayed velocity

1

petween the range of v' and v'=dv' along the light-distance fdirection.

jan

for ~various homogeneous jas flow media, the

O]

1splaved velocity

v'ozan w2 exnrassed 13 the linear summation of the nrojection

B DR TAR-EEE S 1oon o wnn Ticmt-dlstanso dicoosion of tho o thipoo
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coordinate components of particle thermal flow-velocitv v. and

0
PP

local average gas flow-velocitv, i.e.,

3
v -y + E uy-

J
2

{
.
G

9

The particle velocity distribution function F{v') can be expres

as
3

F(o') = H fi(uidtr(er) (2.9)

im

where f_.(v.,) 1s the particle velocity distribution function correspond-

* “

ing to particle thermal flow; fi(ui)(izi, 2, 3) is the particle

velocity distribution function corresponding to gas macroscopic

<

£ lO"u—,'

e

focory TRAGY

=y

LY
[
Kei
3
9]

osents the combined probability for particles to be simultaneously
tn the chermal [low-velocity range between Vo and v.-dv., and
1Y i

“he o Trojection values range between uy and ui~dui(i:1, 2, 3) on

.2 liuht-distance direction of the coordinate components ol Jas

O
Yo

= flow-velocity. The combined probabilicy riv') 1is

2
+
Ul
e
b
i

srobavility for the particle to »nossess 1

v'-dv'., These vclocity distribu-

[oR

Pl lo o gatweon 2he range of v'oan

_.n Inmetians are2 defined as the unitv integral, i.e.,

i

\.:- f'r(VT)dVT -, '\‘: f,(u,)du, - gt- f.(u,)du, =1 oLt

ot o ["<“¥>3-§1'—'S_S_S’H e

S0l %10/ 810 jmy BT

Sm;r(u,) T] tfCu)duYdor = 1 Coe

fmy

5'_'_ F(o')dv = 1 L
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™ Here uio and uic are the two boundaries of ui(izl, 2, 3). In

order to solve the probability function F(v'), the following mathe-

matical transformation is performed now
R | .
}-J. U= Ui("n "1‘) (' -1,2, 3) )
- . 3
0'-Zu;+07 . (2~14)
. imy
where the specific function form of Ui(ui' VT) is related to the "
>
specific form of gas macroscopic flow, but the following equation 5
' >
is also true ;
" 3
1= U” fr(or) T] 1fiw)duldvs <
Te i=) ‘.
- , -- g
. , 8(u;, vr) , . .
- fr(U,s0) [1U,;, )dU;] 2212 g
ﬁ” I-Il 4l 8(U;, v) " (2.15)
]
fi where -
_:.-_ . Ou, OBu; Ou, 8oy .
8u, au, au, au,
' N Ou, Ou; Ou, avri
- 8w, yr) _ {8U: BU; 3T oU, L
M 8(U;y o) ﬁ Bu; Ou, OBvy (2.16) :.\-
8U, 8U, B®U. oU, .
- .-
:"/ Bu, Ou; OBu, Orvr ‘u,_
o+ 8v 8r Vv 8¢ A
b1
3
For the case of a given specific flow field, the integral of (2.14) {3
{ L
. in the phase space (Ui’ v') can be converted to the following
N
iQ form -
o : 8Cuis vr) 40 3
v (U,, v")dU,;} L2 7T7 4y :
1 HH LCIEON V NUACAARLLRY rome
- , - 2.17
$ - g__ (v, uiss u,)dv’ = 1 ( 17) .:
\
¢ -
e ‘herefore,
2 o+
-.} .(

F(u')—@(u', LI “ir) (2.18) L\
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The displayed velocity v' of particle and its displaved fredquency

PR
L R

v' satisfy the Doppler relaitonship, and under first-order approxima-
L]
tion of —%— (<<1), the Doppler relationship is

v - —c—(l" - 1’0)

Vs (2-19)

Thus,

2
Jv'—idv' (2.29)
Vs

where 75 is the resonant raidation freguency of particle at rest,
¢ is the speed of light. It can be observed from (2.18)-(2.20)
that the probability for the particle to be in its displayed frequency

range from v' to v' + dv' in the frequency space is also the frequency
1

distribution function of the particle, which is ;E— i’(v'—vo,
o
us uic) and satisfies the unity integral condition
- c B .
X —o(v T gy U0 uu)d" -1 (7 a1 )
- u’ - - .

For the general situation of simultaneous pressure broadening
and Doppler broadening, the computation of nonsaturation absorption
(or emission) spectral line-shapes must not only compute the contriiu-
tion of the particle with radiation phase resonance 1t [reguency
v to the radiation at frequency v, but must also compute the contribu-
tion of the particle with displayed frequency v'(v't{v) to radiation
at frequency v due to induced homogeneous broadening effect.
Therefore, the general expression of nonsaturation spectral line-

N

shape 1s

L
¢ ’ ’ . 5 N
gl("vvo) -— g - O(D T Vg dyg,y “le)gH(u » v)dv .o : )
NETIRTA
Tor the spectral line-s3nape (-, Vj‘ of spocnral linoe-snayne Gy,
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;, corresponding to gas unmacroscopic flow (refer to (2.3)), there are ‘::2
g :-':‘
: generally frequency-shift and deformation, broadening or narrowing o
I of line width, decrease or increase in peak value. Since g
S ’ :.,.‘
At -
- vl -

e Avp = 22 4, (1a2), cp = (3")_ (2.23) 1
N ¢ ~m i
- o
where ap is the most probable thermal flow-velocity, k is Boltzmann ,_._:.

LY ) [

: constant, m is mass of particle. When gas flow-velocity is of '
1% '.‘:
':} the magnitude of the speed of sound, the full width Av? at the o
5 O
half-peak value of the frequency distribution function @(v'—vo, !

. Uy o uic) is also of the magnitude of doppler line width AVD. ;:::
_ _ , , _ 1%
Although the displayed velocity v' of the particle might be different I

from the thermal flow-velocity?’v., of the particle (refer to (2.14)),

T

3
the 23 uy contained in v' for gas microgroup is the same for

4
)

Y ¥

[
.3

[

o e

.-: 1= _
.‘-: all particles. Therefore, the following transformation can be .
- )
performed i
-"l ‘..“
N Vo % 1 o
R e el R Y Vo_‘”ol-’gZ"i__Z“i (2.24) '.':
:,'- imy F ~,

) o

vf‘ ",-
. . . =4
where 7\ 15 laser wave length, Vog 1S the line-shape center frequency

v , : ) "
o of nonsaturation spectral line-shapes of gas flow. (2.24) gives -
'-': A
__ the shifts in location of spectral line-shapes peak value caused .
>

5 . . . . . ]
bv gas macroscopilc flow. The frequency-shift (Vof-vo) 15 positive |

- ) [~
" or negative based on whether the direction of > uy is concurrent
\:’ iwy
-, N . s . .

.\j or countercurrent to the laser propagation direction. I'he nonsatura-
.

o R
> . . N .

. tion spectral line-shapes of gas flow 1s symmetrical or near- N
hE - -
- symmetrical to VEV e Considering (2.24) and also referring to ’
N “he foliowing text, (2.22) can be transformed to A
l'. 'q
X i T

s " v " N A= ]
. 81(1’, Vg ) = - ¢<v ’ ”OI)'H(” » v)dv ( A —-3) —~
‘ .- vw . .1-
? R - - ol low Tas {low oressure and qas flow spectral line- -
)
N _ .
O 253 -
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shapes width AVP >> AVH, the approximation of @ (v “Vor Ui ,:::
= - " — P ::‘z&

c) @ (v Vor Wigs uic) and @(V , Vof) é(v, Vof) can be adopted o

in performing the integral of (2.22) and (2.25). Therefore, from

(2.22) and (2.25)
Cg(vy v) = —:—'¢“(v — Vo, torhie) (2.26)
0

c
- s")
8ilvs vu) Yoy (o (2.27)

Generally speaking, i@(v,v,,)%gp(u,u,,)_ For the case of very
Vyy

high gas flow pressure and AVH» Avd , the approximation of

g,_I(v , v)=gH(vo, v) and gH(v", v):gH(vof, v) can be adopted in

Iy

performing integral of (2.22) and (2.25). So, from (2.22) and

]
(2.25)

N
.
(3
co
~

“_g/(",_':_.’?)—;_-—,fﬁ(v) _Vo? (

'i-l(”a ”ol) Raad Rn(v, 'v.,) ( 2.29 )

(2.28) and (2.29) are consistent with (2.27), but theyv also contain
a layer of new significance, i.e., under high gas flow pressure

and AVH >> Av?, the nonsaturation spectral line-shapes of gas
flow is independent of gas flow conditions, and they are all

homogeneous Lorentz line-shapes.

In addition, under the condition of ui(i:l, 2, 3) approaching
0, i.e., gas macroscopic flow, it is known from (2.14) and (2.15) -
that the particle frequencv distribution function aéproaches Gauss ’—'i
line-shapes, i.e., iO(V""f'no’o)"t’n(”"”-')“' and therefore, the nonsatura- E

S R
Sy !
.

»

tion spectral line-sahpes equation (2.22) is simplified to spectral

line-3haves =2quation (2.3).
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0l III. Derivation and Example 2
D .
t o2
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i :
- L
We will conduct specific discurssions below on the three E
o typical gas flows and the situation with predominently nonhomogeneous 3
A -
> d
Q\ v -
" Doppler broadening S
[ 4
|
o 31
a8 1. Shear Flow and One-Dimensional Homogeneous Flow $
5 '.':: j._
P d
Assume the whole body (i.e., macroscopic) of a gas microgroup %
142 i
M ),
- . . . N . Pl
:f which is small macroscopically and large microscopically near H
- ‘
‘I . . . . . ‘
::. a certain point in space moves along the x direction, and the \
R

magnitude of velocity is propotrtional to y (refer to Fig. 1), i.e.,

o

U,_y_f:‘_ﬂoy.f.u.,:v,—u,—o ‘ (3.1)

o

where 1 is the characteristic line degree of the gas microgroup.

PG | SN

e (3.1) also represents the flow along the x direction of the entire 3
3
$} gas flow. The velocity gradient along the y direction is a constant 3
' : .
_ shear flow, e.g., Couette flow[s], etc. The special case of Ug=Ugr i
'3 U‘:Uo=constant in the shear flow equation (3.1) is a one-dimensional ﬁ
1 %) < N
> L ‘e
M homogeneous flow. Assume the laser measurement is conducted along b
%
At A and B directions (refer to Fig. 1); A direction is perpendicular i
" to gas flow direction (i.e., x direction), and B direction is E
- B
v -
.;: at an angle 6 with A direction. For B direction, the projection ¢
:-* “
A values of the three coordinate components of gas flow-velocity ﬁ
N , ) v
™ are, respectively u
-~ ~
- ~ l\
< 5
,:: w9, = U,uinf, u, = u, = (3.2) o
U - a
[ "
B ) .
1‘ ::) *y
l‘ N”

f
.
-
2 AR
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Fig. 1. Shear flow
Key: (1) A direction; (2) B direction.

Considering the fact that gas flow density is

velocity distribution is linear distribution; therefore,

distribution function fi(ui) is

a(’l —-U, suxﬂ), U= Uy = U,
f:(“l) b 1 i i
U, =Uysns U= Uo
12(.2) - 8(0)9 '1:(":) —_— 8(0)

S 1is a function of 5 . The following mathematical

is performed

7 —_ .
L|_’/T L %Y Ul-l;, U‘—u'l’y—‘,7+“|

Then
a(ll,'z (/T) - _l
a(U,, "’) 2
- 3
({0 TT thtwewreer
‘s imy
®» (or+l0 sinl ’ b1 [
- j e _cp[— C +,U‘l] f.(" U') dU.do'
Jemlel i g, \/ < 4a} 2
_j’ 1 [:ﬁ(”’*lﬁdﬂa)
-=2(U, —U,) sin@ a,
— ok <2L21£1L1§19>]d,-
2,
hero ‘Lfff—z—['r”Ul 5 the probability integual.

=z .9
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constant and

the velocity

(3.3)

transformation

(3.4)
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o assumed to e the Maxwell balanced distribution of 1 sinale volocity <
-~ -
1 = . : b 1 - Ty 1 *.Y
: component when (3.3) is derived. Using (2.19) and (2,20, the -
N :
.
nonsaturation spectral line-shapes of shear {low are ohtained
. .
L from (3.3) K
< (a2)* a U sin 6
-® g’(u, y,) - z( ZL ’ - erf ZJLDZ o
Avp 2(U, —U,)sin 8 Avo & '
2 5N
", —05 U, sin 8 5.0
”, — ecf (’\( [P Al L) + —=— —)] o
.q. AI"D d, a’r
. -:'.
o When ©8=0, i.e., investigating along A direction, the nonsatuaration o
& fo
spectral line-shape is regressed from (3.6) to .
) 2 a2 . AR - 0
. V—-—up[ —(4ln z)(_”_J)] (3.7)
S Avp . ‘ X\ Avyp o
¢ ‘..
y . . . . . . . no.
% This 1s the Gauss line-shape that coincides with the nonsaturation £
v ' 3 - . - . +
. spectral line-sahpes of gas macroscoplc flow. tor one-dimensional,
L homogeneous flow, i.e., when Ux=constaut and UQ:UO, (3.5) 1s roogressoz .
= . ) ;
. to i A 3 -
- 2 (a2 v — b,
- Bi(vs ) = 2 B2 oo ana) (2t ]
AVD b AUD
e . e I
. Vy = vy — Avy, Avy == U, _Avp sin9=0.6M 4,Avp sin 8 (3.8) Ve
. : 2 /a2 e
.:' L-:
-, ]".
\ 2
\ o
- or o
--‘ ‘:\.
- T
- ) \
- Av, = M2 Gi8 (3.9)
R 1 e
X
) where Hae is the yas flow Mach number. {3.3) and {3.9) show that: -
- for one-dimensional homogeneous ° s flow (UﬁrUO:C,) the nensaturation e
. < X " .
- J '~.
L : : : Sy~ R
v spectral line-shapes measured along 3 direction are still GCauss e
R "y ‘¥
= line-sahpes, and said line-shapes have freguency-snhifs with rospoct ~
v >
v ."
to the Gauss line-shapes measured along A direction. Thao amoune :“
Al
- -
=9
X of frequencv-shift AQ Ve of the location of linc-=ihoos neoaw vl > d
y) Y
i3 given by (3.9). These conclusions re —“onsi s ons ol =
\‘ -
. analvtlical conclusions of “eforonco 0 . TR gl s g ‘
~ : L
b s
$: o "t o
) o
" S
LF - '..'
0 R,
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A
A
L) 8

E ]
o . , . . . . -
G (2] indicate: 1f the time required for the gas f{low £0 pass through -
h -—."- o

S ) . . J
[ a laser light-beam cross section can be compared with molecular -
L

. energy-level cnllision life (e.g., when light-peam width i3 2.7 om

ol .

s and flow-velocity perpendicular to light-beam is =x'J7 m/sec,

ﬁtl the time for gas flow to pass through the light-beam cross section K
5 ‘ 6 | .

. 1s ~nly 2x10 sec), then the gain saturation rule of gas flow '
L y
NG . : ) ) . ) \
*:# medium and saturation spectral line-shapes will all be different :
! ‘_:.:_ '
Ry from the situation of gas unmacroscopic flow. However, the non-

-

saturation gain of gas flow medium and nonsaturation spectral
¥l .
R line-shapes are consistent with the situation of gas unmacroscopic y
- :‘- »
L . . , . N
e flow; the aforementioned analyses reconfirm this conclusion and N
Co

) . .

— further show that: the nonsaturaticn spectral line-shapes measured

leaning toward :the gas flow direction can be obtained through
. frequency-shift changes of nonsaturation spectral line-shapes )

measured perpendicular to the gas flow direction. The amount !
N .
::{ of frequency-shi‘t Asvf of the location of spectral line-shapes )
e

“ . . . . 5 -
iﬁ peak value is given by (3.9). Asz is proportional to the product .

WS ;

' of flow-velocity, A\%)and the sine of the angle between the two .

diractions, and Fig. 2 gives the relationship of ASVE/A v. with '
~he change of 3as flow Mach number Mae;,ﬂ Ve is inversely proportioni. !
_ =0 wave length K ; refer to equation (3.9). This i3 consistent
e wiwh the relationship of single spectral line Doppler frequencv- .
{?? shif«. Therefore, in the domain from the infrared to ultraviolet
W
liaser spectrum, a gas flow-velocity of 1| m/sec will cause a frequency-
310188 bhetween .0 MHZ and 10 HH7 approximately. .
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For shear flow condition of Ue#Uo, equation {(3.6) can be

transformed to

2v/1n2 e
(v, ») = uld {crf l:x/ln'_’ w

Avp 2(U, — U,)sme Avp
+ @mo) —erf (wE v~ (v =) _ U, — L'osine)J
lup

<4y Arvp

where

U AUy 8re gpp (3.0

b 2ap  24/102

H

7% can be observed from (3..0) and the following text that shoar

flow nonsaturation spectral line-shapes are egualvalent to nonsatura-

“ion spectral line-shapes of two-dimensional svmmetrical oxpin-ion
flow.
2. Two-Dimensional Expansion Flow -
In the domain of detection points, 1ssumo o f1ow-vel. 200y
comnonent 1long o rxial direction o diro s ian = - o7
veloclhty Tcomponant o oalong Lartoral ilrocsloan A S o -
)
T O e e o R T P o T i Ay Ny Yy e - - .. P P P R ™
R e R R i s R A AR



linearly from -w to Wi refer to Fig. 3; for the two detection
directions, A direction is perpendicular to x-axis, B3 direction
is at an angle © with A direction. The projection values of the

three coordinate components of flow-velocity are

4= U,sinf = U, sin@, u, = 8, u, = u cosf
w, — w,

i

o - z+ w,

For homogeneous expansion flow, it can be assumed that within

the velocity range of —WOS wswe the distribution probability

of gas particles in the macroscopic flow-velocity space 1is constant,
so the velocity distribution functions of particles are

£i() = 8(u, — U, sin6), f,(us) = 5(0)

5(0) W=, =0
f:("s)- : 1 u W ,
(W, + W,)sin 6 luy| < max(| W, cos6, |W,|cos6) 13
0 |, > max(| W cos8, |H.!cosd)
Serform transformation
Uimuy, Uy Uy pp — o, o (3.14)

;'ﬂon (

Jfr(vr) H [1.(u,)duc:;

|\’
.
u-.‘a

- )’-'-Utsiulqdw,:u'd 1 1

s_- o' -Upins-aw o 2(W, + W, )cosb a,s/;-_"
’ . 2

—(o' + U.sin8 + U,) ] Udo

H
4a, \

X cxp[

_ \"" 1 [“f (¢ U, sind + W,cosB)
! 2(W, + W,)cosf aw .
— f (v' + U,snf — W,cocﬁ)] d

e
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e

&

2‘/1-5 ds [crf (2\/(0_2‘ Yy T vy W,cosB)

gy, 1y) = Avp 2(W,+W,)cos0 .
—at [2v/i2 2 - Wacest)] o

Avp ay

Avp a,

(ad
‘-

Oh
[

where Vof:Vo_‘Avf’ see equation (3.9). In equation (3.16), let

A.vf=0 and obtain the nonsaturation spectral line-shapes measured
alongiA direction. So, the constant velocity macroscopic flow

of gas along x direction will cause the nonsaturation spectral
line-shapes measured in B direction to have a specific frequency-
sihift with respect to the spectral line-shapes in A direction.
The amount of frequfency-shift is consistent with the amount of

line-sahpes center frequency—spift Av_ of gas unmacroscopic expansion

£
flow (see (3.9)), and this indicates that gas with nonsaturation
spectral line-shapes of complex macroscopic flow is the superposition
of gas with spectral line-shapes of simple macroscopic flow.

If gas flow expansion is weak, We/ap<<l, Wo/ap<<1, then eguation
(3.16) is regressed to equation (3.8); if the effects of gas flow
macroscopic expansion flow cannot be neglected, the expansion

flow will make nonsaturation spectral line-shapes become non-Gauss
iine-shapes, and the spectral line-shape peak value decreases
(expansion condition) or increases (convergent gas flow condition),

line width broadens or narrows. The location of the spectral

line-shape peak value obtained from (3.16) is

Vu-l’o"A”r*‘—i—_D..ﬂ(Wo—W:) (3.17)
- 4\/11:2 ay -

Therefore, the amount of frequency-shift zﬁve of asvmmetrical

2xpansion spec-ral line-shape peak value location with respect
=7 syvmmetrical 2xnansion W :WO“ spectral line-shape peax value
P}
a0

S e e

EE Y

A Ay~

v v

Ll



Av, = A vp cose(w__n) (3
4/1a2 ar
Substitute (3.18) 1into (3.16) to obtain the magnitude of

line-shape peak value

T # £ 2 3 ANNNEES s . &

mzxg,(v, ”o) - E/(”us 1’:)

’ Zv o

Avp (W. + ﬁ@sﬂeﬁ [

o +W)] (

«Tx L4 H T, LU 3 ¥ R KL L_B W

[&V]
.

- 2

)
(S
—

The half width AV6=(VD—VOE) at the half peak value of spectral

line-shape is obtained from the relationship below; Vi is the

frequency at half peak value location, VD:Vof' vB,

1
- — AvS Ca e Av®-

\ erf (Z\/an———-Avb +————W'°a —-cri‘-(Z\/LnZ -—IHAV -—-——W°C°.a)
I . ] Avp a,’_ ¢ _Avp ' ap
. ’ ' (3.20)
. - erf [°°‘6(W, + W,)]
N 20'
:f we better make some generalized mathematical discussions on expansion
-
l flow nonsaturation spectral line-shapes, let
: WymaW, X=24y1a2 L2 y o Wecosd
. Avp a, (3.21)
)
’ vps/l' ’
l e(X, Y) = Wg’(”’ t'n)
. B oAl - pr B - :
. Ce -sm—;)—{«f(xgrv)—erf(x—am (3.22)
i Perform mathematical transformation
v
X+Y=X+Y, X —Y =X +pY (3.23)
: then sy = Y e e

’ (X, .Y).;"—.l(xs?')—_:ryrg_crf()('+ Y) —eb(X' = Y)],
' ‘ » ' M v‘ o M - .- 4 . . .
: S YR ey ey 2 oy T (3.24)
. e, B o ,l+BA’ 1+¢

”

| maxg(X, V) = maxg(X', ¥) = Yor erf(¥") BURN
n
\
: Therafsre, 211 the nons3aturation speotral line-shanos of i !
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1

optained from the spectral line-shapes of expansion
the near-jet transformation equation (3.23). From
it is also known that shear flow spectral line-shapes are
also equally equivalent to the spectral line-shapes of a symmetrical
expansion flow. Figure 4 gives several s»nectral line-shapes,
where curve ! is a Gauss line-shape; curve 2 is a symmetrical

expansion flow (wozwe) spectral line-shape and curves 3 and 4
are asymmetrical expansion flow spectral line-shapes. Figure
Jives t! relationship curves of nonsaturation spectral line-shapnes

peax wvalues with the changes in wecosQ/aD. Peak values drop monot-

13 W cos/ap increases.' See Fig. 6 for the relationship

e
wi1dth nonsaturation spectral line-shapes with the changes

The increase in line width is comparable to AXVD;
fore, the expansion flow-pattern and magnitude of expansion

can be measured according to the changes in line-shapes

wilidth.,

th2 relationship equation (3.16) of expansion flow spectral
hapes, 1f we let wezwo and use (Ue-to)sin@/Z to supstitu=ze

then equation (3.16) is transformed into shear flow spectral

l‘lll‘.l'.l'(.l' :

e-s3nhanes equation (3.10). Hence, the analvtical conclusions

those relational curves of symmetrical expansion flow in Fig. 4

DR ek St Sl R

6 are equally suitable for shear flow. Here we cmpvhasize

for emission spectral iline-sahpes, the flow indicated

b

analvses is the flow in the neighboring rogion of

J L

emission point (i.n., measiromont zointl; =horofove

U R - ’
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o indicated in the above analyses 1s the average {low 1long “ha Light-

=
O discance direction and within lighs-distance lonoth. TE o eho Slow-

-

. >atoorn o alont o the light-distance direction and within s“he 1i-ho-

SlSognoe Lonsoi 1s singular and the magnitude of the flov-volociny

Somuoansns o aloant the lizht-distance direction remains constant,
e o Tormulae given by this paper are accuratelv suitable;
o : Y
N ST oo 7L we-satrtorn 13 not singular and the magnitude of the velocitvy
.‘\ -
s
NN My Uarios, theon the formulae of this paper give the reiation-
n A
] nlos ol srortsral linec-shapes of average flov along the light-
N foot o2 direcsion o and the light-distance length.
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Closing Remarks

-‘?.x

45;“:;}

Spectral lines and nonsaturation spectral line-shpaes will

[, : :
vﬁ- have frequency-shift, deformation and change in line width due R
‘;‘ to macroscopic flow of gas; within the domain from the infrared -
" ' .-
" to ultraviolet laser spectrum, a gas macroscopic flow-velocity
P - »
- of 1 m/sec will cause frequency-shift and line width change between e
.: g . <
> 0.1 MHZ and 10 MHZ, and these frequency-shifts and changes, in s
s Te
turn, can be used to measure macroscopic flow-velocity and flow-
K. -
‘} pattern of gas. This measurement method has advanta¢ges such as R
ok 2
T4 . ) O
5. noncontact measurement: no need to add tracing particles which "
f“
¢ >
are far larger than molecular wvolume in the gas flow; no interference
i with flow field; no limitations to magnitude of flow-velocity -
- . -
3 and flow-acceleration; being able to conduct simultaneous measurement -
[l MY
of multiple points; and being able to obtain parameters, such
jﬁ] as gas density, temperature, compositions, etc. simultaneously. ‘T
- o
ij: _t also possesses great potential for measuring various nonhomcgeneous L
‘s a.' “!
gas flows and turbulent flows.
L .:.
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