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GRAPHICS DISCLAIMER

All figures, graphics, tables, equations, etc. merged into this

translation were extracted from the best quality copy available.
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C C - SEPARATED VORTEX OVER THE WING
LEADING EDGE

~LnBingqin

*(Beijing IUsti~ve of Aerodywxwics)

Abstract

Based on the Navier-Stokes equations, the oompressible viscous vortex equation des-
cribing the separated vortex of an aircraft is derived and a numerical method for sod-
ving this equation is developed- It can be used to subsonic, transonic and supersonic
vortex flows. The breakdown .oondition of the -ompressible separated vortex is derived
and used to compute the breakdown place. A series of interesting features about the ef-
fects of various parameters such as eompre.ibility etc. on separated vortex motion are
obtajned and analysed.
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AN INVESTIGATION ON THE COMPRESSIBLE VISCOUS SEPARATED VORTEX OVER
THE WING LEADING EDGE

Lin Bingqiu
(Berjing Institute of Aerodynamics)

Received on Feb. 17, 1985. A revised version was received on
August 29, 1985.

Based on the Navier-Stokes equations, the
compressible viscous vortex equation for de-
scribing the separated vortex of an aircraft
is derived and a numerical method suitable for

subsonic, transonic and supersonic flows is
given which can compute the characteristics of
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.

I. Preface

The incident angle adopted by recent winged aircraft is

becoming larer and larger in order to more effectively utilize

the vortex lift generated by separated vortex of the component.

But along with it comes the interference between the vortex system,

between separated vortex and component, and between aircraft

and trailing vortex, and the future motion state of the vortex

seX also has unpredictabLe factors occurring sometimes. Therefore,

letaileal study of the motion law- of the vortex itself becomes

V.,



the first step. Up until now, there has been much research, both

theoretical and experimental, done on this low speed, incompressible

vortex. BrownlI], Hall[2], and Muirhead 31 , etc. have done much

research on the compressible viscous vortex, but it is still

far from sufficient.

The effects of compressibility on the vortex are extremely

distinct. We must establish a computation method suitable for

subsonic, transonic and supersonic flows and clearly understand

the effects of various parameters as well as the breakdown features

of the compressible vortex, etc. This is exactly the subject

which this paper wants to solve.

II. Motion Equation of the Separated Vortex

We assume the vortex is laminar and symmetrical and can

be described by N-S equations using cylindrical coordinates.

The coordinates system x, r, Q correspond to component velocities

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

can be described by compressible, nonviscous, isentropic flow.

Assuming the vortex is very slender, let E be the local slender

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

on quantity-net analysis, v= Eu is derived from the continuity I
equation; we take w=O(u). The coordinates and various physical

quantities are written as normalized quantity-net forms according

o tlis order of magnitude relations: r=r/R., x/R. , u=u/u,

V- 10 2 :c /u- 3nd h=h/u-.
P P
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The bar above the nomenclatures denotes normalized quantity-

net quantity. Ri i a id u i are initial radius, density and

axial velocity at the outer edge of the vortex cross section,

respectively, and here they are selected as reference quantities.

p, T, h and c 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 Re iuR//-i 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: O(rpu) + (1)ax

Axial Momentum: a + P - + + 2)
x Or Ox Re Or Re r

Radial Momentum: w P- (3)
.r 7

Rotational Momentum: .Ow W _W 21 /

+ PV_ L +oI'a"ox Or I rRe O r

-Re'* O/a\ (4)

Energy Equation: OT

Or+Os O 0 -O, -r Or

. (Ow , rRe Pr Of r

where all quantities are normalized quantity-net quantities,

and the bars above nomenclatures are omitted for the sake of

convenient writing. Pr is the Prantdl number, f=# //ti, the

equation groups is a parabolic type, and solutions can be lerived

if initial and boundary val'ies are known. I7



III. Numerical Method of Vortex Equation

The method for solving partial differential equations (I)-

(5) should be based on the mission of the problem. The net-grid

eb method is suitable for computing vortex features in a certain

section of the flow field, such as computing the features in
'J.

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. In

order for convenient theoretical investigation, we turned to

the solution method similar to those adopted by Reference [41

and [5], and expanded it to soive for vortex motion taking compress-

ibility into account.

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

rp J. ax

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

Or

Differential and integral equations corresponding to (2), (4),

(5) can be obtained:

rp ( d rp (6)OXa dCR
o- [,pu(c - C)) it + rpudr -,

X dx Re

[rpu (T - T,)dr + -T, rpudr

[r ) -P d r u2dax r

+7"f r17 ( + - +, b+ T
Re .o ,r Or r R ePr Or

%i
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where c=rw and C=Rw 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:

where =r/R and the coefficients in the expansion are determined

by boundary conditions. If u, w, p are known, then f is obtained
"-

r P.from (3) and T-is obtained from the state equation T- r-1 in

normalized quantity-net form.

At the outer edge of the vortex where r=R, u=u and O' _ 0;
c 49f ar

w-CIR, and Pe - and P. ,
av 8 , Or R"

At the vortex core where r=O, u:Uo, P=Po' w=O and --- =w"
.. ) r

w is called the vorticity parameter of core. Its relations with

the vorticitv of the vortex core is Qo=2w/R; and also from symmetrical

feature -p-.

where a 0 is an additional condition for p. Each expansion

has 5 boundary conditions; therefore, pentanomials are obtained

as follows:

- - 61' + ,,' - 3v) + u.(6n?- 8n' + 31'l

R
p -p 3 + Pin'J + P', + P.n'

./3b .p 4__(p,__ _ -__ ____Pi ---.-an
2(3b, + b

-S
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b,[ L- 4(p, - °
P)

3b,. + b
p. - (p- ,.) L. (Pz Ps)

R. j
The subscript "0" 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 equations, then set the

integral of various complicated forms as the coefficients of

those first-order derivatives, and use a numerical method to

comoute these coefficients. In order to illustrate the derivation

method, a term with the most representative form is selected

for demonstration purposes, for instance:CII
where b-br(p.(x), ,(r), R(v), -(x),p,(x), u,(s), C(x))

S- p(po(r), ~, (x), R(x), w(x), p,(r), u,(-), C(x))

Separate al! the derivatives, then the above integral is written

F d..') do FY;

'0 a

Fd, d 2

~.......................................



Y Y=P' Y 2 = u0 Y 3 = W, Y 4= R, Y =PC, Y 6 =u , Y-=C. In n and m< 0,

* an odd point will appear at the lower limit of the integral for

the function under integration, 3ut thie 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 pot u,0 R, w to be

solv-ed. Use a method similar to thos, in Reference [41 and [5]

to make an equation (2) satisfy the boundary condition at the

core and obtain a suoplementary equation. Thus, a closed equation

system is formed:

B F
(10)

The apostrophe means to take the derivative once with respect

:0 WK, ee

r au + asia 1  a,7 + a, a,, + a..

Cl, C ' + C 1 C 1 + C43 C 17 + C-1-C!7+ C47 C 1 -C 3 5 ±+C 4

% i '0 0

-012 + a"2) -(a, 4 + a2, + a.~) a, + am 01

BL -b, - (b , + b,i) 0KU - - -4 (C14 + 2 C 34 - C " ) CM C1 - C2% C% 0]

.ee apoendix for the expressions of the aforementioned elements.

-iot ion (1)is a di'f ferenti al ecuat on wi thi §unctions

411

I M



the vortex, axial velocity uc, circulation parameter C, Reynolds

V, number Re, Prantdl number P and viscosity coefficient ratio f.el r

It reflects physically the effects of nonuniform external flow,

viscous diffusion and heat conduction on vortex motion. The

initial conditions at the outer edge of the vortex are u =1 and
c.

1

R.=l.- The initial pressure of external flow can also be expressed1

in the form of external flow initial Mach number M . M =[(i-CT)/a. a.
i i

/3 pC .] /  In the computations hereinafter, Pr and f are approxi-

i 0.75
mately taken as P rl and f=(T/T i)07 When the initial values of

external flow parameters and functions are given, then the Rung-Kutta

method of fourth-order accuracy can be used to numerically solve

equation (10). It is not limited by external flow M number.

IV. Analyses and Discussions of Calculated Results

I. Typical Internal Distribution Features

We selected a group of initial parameters and external flow

parameters which correspond to stable motion of separated vortex, and

the calculated results are as shown in Fig. 1. It displays the radial

changing laws of various physical quantities on two cross sections of

the vortex in supersonic external flow.

P4
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,z:6.5 ., z=21.6

2. Typical internal distribution features of supe >t separated

M 1n. iitil5 stage, x 6Ci-0.4R,=O00

. r ---
* C 1.3

,'C. 0.1

I I 2

Fig. 2. Efffects of compressibility on initial pressure at the vortex
core

in the initial stage, x=1.65, and the changes in various physical
ciuantlties along the radial direction are .greater. Further downstream,

theyv -hr~end r, to s tabili ze and ;houLd become e.jtua I to those of _ the,<

.... -e:" :0ore is ma:imi], wherein V - 'e 3;';r-, ,  . .. ..... .. .
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the opposite. The radial velocity v basically maintains its value as

a second-order small quantity, which is consistent with the order of

magnitude analysis. At the vortex core, axial velocity is in the

deceleration process and gradually approaches 1. Pressure change

is in the inversed pressure process. Rotational velocity w is similar

to Berger distribution; it is 0 at the vortex core and after reaching

maximum ( < 1) as increases, it approaches 0 at infinity. The

vortex radius gradually expands and this is closely related to vortex

core deceleration.

2. Compressibility Effect

The internal density of the vortex under high speed motion is

variable. But P< 0 must be maintained; it is the necessary physical

condition for the vortex to be in existence. Substitute the expansion

of p into (3) and let r=0, then the initial density at vortex core is:

28 -L C,

Therefore, if satisfied ,- , 1

> C,'14

°,< I + o! c3 12A or _, . (12)

rVja2 4

Thus, 0.> 0 can be guaranteed. Equation (I1) shows that only if a

specific pressure difference is guaranteed can be existence of the

vortex be maintained, and that at this time, the pressure at the vortex

core must be lower than the external oressure. Equation (12) shows

" at tne selected initial oressure and vortex intensity for the exis-

'"- tence of tie vortex are related to external flow Mach number. This

I- Itfon s 1aV l diso!aved b ?i:j 2. Solid lines are the nD

%.



curve at p = and constant C.. Dotted lines are p curve at constant
1 1 1I

C.. The region between solid lines and straight line p =0 (the
0

abscissia) is the region where significant vortex core pressure p0 . is
1

selected, i.e., the region where the vortex can be formed. As Ma.
1

increases, said region becomes smaller. After Ma. is greater than I,
q 1

this effect is more distinct. It stabilizes after Ma. >1.7. The

larger C. is, the smaller the region is. We have noted that when C. is

larger, and after Ma. exceeds a certain limit, said region shrinks to

zero. At this time, it is impossible to form the vorte:. Moreover,

under the condition of smaller C. (as C,=0.1 in the figure) and very

1 1

' large Ma i , the pressure difference between the inside and outside of

the vortex is almost negligible. At this time, it is meaningless to

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

ments of pressure distribution for a slender cone-shaped lift body
[6J

have shown that the pressure peak on the surface trailing the

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

the disappearance of the effects of separated vortex.

3. Breakdown Phenomenon of Compressible Vortex

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

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

positive direction of x-axis pointing downstream. Each physical

quantity is expanded near the x-axis of the stationary point:

U -u(X) + uxr + .. V , (Z) r + s,(g) r' +.

-W,(N)r + w,(X)r2 + .. ,p-p()+ p,(,)rl +-..I

p- P00 + P2(x)'+ 

<bt ititini into the N-S equations and takeing ',:1e -s higher than

ca;iail -juanti , then the folloxwing is o'atainec:

49I I
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po; + 2po,,- o (14)

I..d

p+ 0, ; o15) L

u0w, + 2v,w, - 0(16)"'

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

w,-- I .; (17) '-

2 (18)

Substitute (17) into (16) to obtain

cow, (19)

where c1 is an integral constant. That axial velocity should have the

following features near the stationary point are already known:

u! ,- < 0 or (uD'i..- < 0, oj,.. < 0 or ('4'L.. > 0

Therefore, it can be observed from (18) that po 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 stationary 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, w1 changes

sign after passing the stationary point because u changes sign.

This shows that at the stationary point the radial gradient of

rotational velocity, cw/oarlr=OO or vortecity Q=O (or w=O).

After the vortex passes the stationary point, the rotational velocity

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

gradient of radial velocitV, a vi >0. Therefore, there is aC)r ,r=0

negati' branch surface statinq from the stationary ooint. The"

%.



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:

.. 0 - 0 >0 (20)
at

It is the axially symmetrical breakdown condition of the vortex.

It is-completely identical in form to that of the incompressible

[14vortex [4

A large amount of computation and experiments for subsonic

and transonic vortex flow have shown that the breakdown point

takes two forms due to the effects of compressibility. One is

the sudden change. Immediatelr upstream of the breakdown point,

various physical quantities 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 =0.2, and u and w approach zero.

BD o

We studied the effects of various parameters such as C.

uo, Re and initial pressure difference Pi=pci - poi on the break-

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

Increasing C i, A pi, respectively or reducing uoi, Re, respectively,

will promote breakdown of the vortex. Conversely, they will delay

the occurrence of breakdown. These conclusions are completely

identical to the results of the incompressible vorteZ'
[4 ]
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Fig. 3. Computation of the breakdown point of subsonic separated

vortex
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ADISrUSJONPNJH 4 W E V FLOW-ELOCITY

LA~PrfVje TES

Gao Zhi
(I titsae of Mech aia, Academa Sinica, Beijing)

Abstract

". h_ .of flow- locityand flow-pattern messmrements asing Doppler-frequ-
ency-shifted absorption (or emission) spectral lines as well as Doppler-frequt,, y-shif-
ted 'and deformational no - ion spectral line-shapes is discused, s r.
For the case of gas flew with simultaneously inbomnogenesamly and homogeneously bro-
adened line, the general expressions of non-satration_ spectral line-shape and Doppler-
frequency-shifted spectral line are presented., For the case of three representative gas
flow with inhomogeneously broadened line, thJ ecmcrete expremions of non-saturation
spectral line-shapes and the qualtitative and quantitative relationships among Flow-veln-
Rity, Tlow-pattern, Doppler-lrequency-shilted spectral tine and deformational non-satu-
ratin spetral line-"pe are also given.
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A DISCUSSION ON THE PRINCIPLE OF FLOW-VELOCITY MEASUREMENTS USING
LASER SPECTRAL LINES

Gao Zhi
(Institute of Mechanics, Academia Sinica, Beijing)

Received on Dec. 25, 1984. A revised version was received on
Nov. 1, 1985.

This paper investigates the problem of
using frequency-shifted and deformational
laser spectral lines to measure the gas macro-
scopic flow-velocity and flow-pattern. For the
case of simultaneous effect by broadened Doppler
lines and broadened pressure, the general expres-
sions of nonsaturation spectral line-shapes and
frequency-shifted relationship are obtained; for
the case of three typical gas flow and primarily
broadened Doppler lines, the specific expression
of nonsaturation spectral line-shapes are obtained.
The frequency-shift relationship and the qualitative
and quantitative relationships among shifts and
deformations of nonsaturation spectral line-
shape, and gas iftacroscopic flow-velocity and
macroscopic flow-pattern are also given.

i. Preface

The interaction phenomenon of gas flow and laser is somewhat

different from the interaction phenomenon of gas and laser. The

macroscopic f Dow of gas will cause the absorption (or emission)
'4

;pectral lines to clve Frequencv-shift due to the ooppr effect,

6.5
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and deformation of nonsaturation spectral line-shapes will occur

in addition to fr,'equency-shift (saturation spectral line-shapes

will certainly also have a. similar situation occurring [2). Frequency-

shift, spectral line-shape shift and change in line width after

deformation are all proportional to the flow-velocity component

in the light-distance direction, thus flow-velocity can be measured

according to laser spectral lines measurements . Parameters

such as qas 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

laser Doppler velocity measurement method (LDV)L3r, 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-

shift is oroportional to the flow-velocity component in a light-

distance direction. The larger the flow-velocity is, the more

effective the said method is. Therefore, it has the unique advantage

to transonic, supersonic flows and the measurements of their boundary

laver flows. The shift and deformation situations of nonsaturation

spectral line-shape are related to the gas macroscopic flow-pattern;

therefore, said method is also possible to be used i'n diagnosing

:ms macroscDpic flow-pattern.

.': to0 ->o " tin :1 i i I' itv of scectr of different j-is

0r] O') £ L>. , [ .0 _ :: ( 1 0s, is L -i s the c dcveopment

Vo9

?.r0
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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,

said method possesses a very large potential. 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

The spectral line-shape definition of spectrum is

(v)dv, g((, v)dv I

where v is frequency is spectral line center frecuencv; I(xQ

reoresents the distribution function of light intensity bsed

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

situation in fluid dynamics, the contributions of Dooc!er Iroa:nin:

and orossure (homogeneous) broadening to spectral lines roslenn:

imoortant. The nonsaturation s.c c r! ':
.

-

g(i., eo - g(v, "' O &)du'
4,.v



whe re

g ( ',,) -- exp - 4 .2. ,I.'s

gH(1', v) - ,AVH 2X
.,-. (, - :,)Z +,.

9D (v', v ) is the Gauss line-shapes at center frequencv of vo,

.H(v, v') is the Lorentz line-shape at center frequency of v';

vD a. J. A v are the fu'. . iths of 7auss and Lorentz scectral

line-shapes at half-pea value, respectively, and are called line-

shape width. At low qas cressure and predominantly Doppler broadenin:

>(i.e., AV v), takze the acoroximation I (V', V )=g (v, vo and
D H D o D 0

(2.3) can be simplified as

( , ,)_ ( , ) 2.6)

At very high gas pressure and primarily homogeneous pressure broadenin-

(i.e., ::vH >4 vD), take the approximation g::(v, v') 'g (v, v)

and (2.3) can be simplified as:

e(g ,O V')- ,(,, ) (2.

On the other hand, the nonsaturation and absorption (or emissiun '

spectral line-shape of gas flow can be theoretically determined

through a certain velocity distribution function of particles.

This kind of particle velocity distribution function F(v') n_ives

the probability for the particle to possess a displayed velocity

between the range of v' and v'-dv' along the light-]istance rfar'in

Sor various homogeneous gas fow medi-, the di_-lav ed velci',

n he o:nr .Oossed ]i the inar i smmat )on of the orojerction

In -II 717

"" "" '-2 .i i? --'.' --- .:) .- a_ .-:- .--,-" i k -k il) .. ) ; 1 i .i ?-'. -i .-.-?.-i 2: ... i- -. .- ,2 " -: i-: ..-- i'> < .) _ < < < .- 4
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coordinate components of particle thermal flow-velocity v- and

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

3

The particle velocity distribution function F(v') can be e:xpress=i

a s

F(v) - I 2.9)
J-1

where f,(v_) is the oarticle velocity distribution function corresponct-

ing to particle thermal flow; f.i(ui)(i=I, 2, 3) is the particle

velocitv distribution function corresponding to gas macroscopic

f 10%; f(,

recrcsents the combined orobabilitv for particles to be simultaneously

ce ermal flow-velocity range between v and v_-c v_, and
T

-:: .rejection va.lues range between u. and u.-du. (i=, 2, 3) on

.:3 , ta nce direction of the coordinate components of gas

flow-velocitv. The combined orobability >v' is

< . nrobaoilit v for the oarticle to osss s
. o nd -dv' -hese c v c -Jistribu-

i...>cc-uns are cefined s the unit integr, i.e.

- "(- I,(u) , - 1 _ .I

I ~ ')v I

1" % " I tj,( )i),1 -' Et(u,)d,,] - .

i rt~f~t:d.) r



Here u. and u. are the two boundaries of u.(i=, 2, 3). In

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

matical transformation is performed now

V, -V,(w,, vT) (I- 1:"3)

V" " U + Vr (2.14)
'-1

where the specific function form of U.(u i, vT ) is related to the
%i T

specific form of gas macroscopic flow, but the following equation .

is also true

I - fT(r) h f,(u,)d.]adVT

-fil tr(U,,V') A [I,(Ui, b ) .',
_,- U,, 5 (2.15)

where
19, B*7 iU, &VT

OU, au, OU, OU,

8§!, ±I) OU U, &U, O1"
O(U1,,/) Ou, BUa "a OVT (2.16)

5U 6u, OU O OU, .
am.__t , 992 BU VT
O

5
' dU" br' OV'

For the case of a given specific flow field, the integral of (2.14)

in the phase space (Ui , v') can be converted to the following
p2.

form

t,(Ui,,,') II[f,(u, V')-jU, 1 0e --I-T) d,,,

- ut.) u,~)(2.17)

:4 7herefore,

(,/) -- (, ' ,,,, ,,)( .



The displayed velocity v' of particle and its displayed frequency

v' satisfy the Doppler relaitonship, and under first-order approxima-

V1
tion of - (<I), the Doppler relationship is

c

,,,. ( 2 -1 9 )

Thus,

C (2.2J)

dv' -i-dv (.3
Ve

where v is the resonant raidation frequency of particle at rest,
o

c is the speed of light. It can be observed from (2.13)-(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

distribution function of the particle, which is v -P (vo-v,
V

0Uio, uic) and satisfies the unity integral condition

- , U,(2.21)

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 contribu-

tion of the particle with radiation phase resonance -t frequency

v to the radiation at frequency v, but must also compute the contribu-

tion of the particle with displayed frequency v'(v' v) to radiation

at frequency v due to induced homogeneous broadening effect.

Therefore, the general expression of nonsaturation s'pectral line-

shape is

..( ,,)- -" 2 -(/ ,, :,,3, ,.o ,(, ,)d/,, 2 . "

or s ectrai l ine-s>ape ,v, of o-1 1 i:,,. '*:, . ,.

.. . . .. .. ..



corresponding to gas unmacroscopic flow (refer to (2.3)), there are

generally frequency-shift and deformation, broadening or narrowin-

of line width, decrease or increase in peak value. Since

AVD- _- a,(In2) , - (2.23)

where a is the most probable thermal flow-velocity, k is Boltzmann
p

constant, m is mass of particle. When gas flow-velocity is of
the magnitude of the speed of sound, the full width Av at the

half-peak value of the frequency distribution function t(v'-v o,

uio, U ic) is also of the magnitude of doppler line width 6v D .

Although the displayed velocity v' of the particle might be different

from the thermal flow-velocity'v T of the particle (refer to (2.14)),
3

the u. contained in v' for gas microgroup is the same for
i l 1

all particles. Therefore, the following transformation can be

performed

3 3

P L~- ap OJ~~I EZ -~4 (2.24)P Ps1 yZ
t  V VC0 )1 i-I

where A is laser wave length, vof is the line-shape center frequency

of nonsaturation spectral line-shapes of gas flow. (2.24) gives

the shifts in location of spectral line-shapes peak value caused

by gas macroscopic flow. The frequency-shift (vof-vo) is positive
3 P

or negative based on whether the direction of u. is concurrent

or countercurrent to the laser propagation direction. The nonsatura-

tion soectral line-shapes of gas flow is symmetrical or near-

symmetrical to vf. Considering (2.24) and also referring to

tbe 'o' o ing e xt, (2.22) can be transformed to

- I_"± ( 2.2 )

r D' 2 s ulo; rsure nci s w flo;; spctrl hi ne-

4 -• -.. - , .- .,-.- .... .-.-. ..... -.. - ...- , 9 . ..-. ..-. ....- -.... _ ,.. ., ....... .< ,, .;.., <



shapes width Av > , the approximation of (v'-v o , ui

vp>> H 0 10'

U. 4(v-vo f uio, uic) and t(v", Vof)= (v, Vof) can be adopted

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

(2.22) and (2.25)

g,(v, v,) - - ( - vo, ,,,) (2.26)
pa

* gG - V, ) Vol (2.27)

Generally speaking, -c f-(v,v,,) gD(Y,O,). For the case of very

high gas flow pressure and 4vH >> Avj , the approximation of

gHW, v)=gH(v o l v) and gH(v", v)=gH(vOf, v) can be adopted in

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

(2.25)

gfK-,.;z-) 7- (v, V0) (2.28)

SIP, y,) gH (V, YO) (2.29)

(2.28) and (2.29) are consistent with (2.27), but they also contain

a layer of new significance, i.e., under high gas flow pressure

and AvH >> A v, the nonsaturation spectral line-shapes of gas

flow is independent of gas flow conditions, and they are all I
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 frequency distribution function approaches Gauss

line-shapes, i.e., - (V'-1,,,)- v', ,  and therefore, the nonsatura--

tion soectril line-sahp23 equation u,.22 ) is simplified to spectral

Siine-shaoes equation (2.3).

A,

A6

p "



IZI. Derivation and Example

We will conduct specific discurssions below on the three

typical gas flows and the situation with predominently nonhomogeneous

Doppler broadening

1. Shear Flow and One-Dimensional Homogeneous FlowV.
Assume the whole body (i.e., macroscopic) of a gas microgroup

. which is small macroscopically and large microscopically near

a certain point in space moves along the x direction, and the

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

U, - y+U.,",- U_- 0 (3.1)I

where 1 is the characteristic line degree of the gas microgroup. I
(3.1) also represents the flow along the x direction of the entire

gas flow. The velocity gradient along the y direction is a constant

shear flow, e.g., Couette flow [51 , etc. The special case of U e=U0

U =U =constant in the shear flow equation (3.1) is a one-dimensional
X 0

homogeneous flow. Assume the laser measurement is conducted along

A and B directions (refer to Fig. 1); A direction is perpendicular

to gas flow direction (i.e., x direction), and B direction is

at an angle Q with A direction. For B direction, the projection

values of the three coordinate components of gas flow-velocity

are, respectively

U, vUin, u 2 - -O (3.2)

V2
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Fig. I• Shear flow
Key: (1) A direction; (2) B direction.

Considering the fact that gas flow density is constant and

velocity distribution is linear distribution; therefore, the velocity

distribution function fi(ui) is

I

U. s-U), .U - . U,

(-, - U.) sn ,(3.3)

I(,) - -(),-1,(u,) - 8(0)

is a function of The following mathematical transformation

is performed

Usvr-uU Ua-Z , US-u, v'-V 7 +U (3.4)

Tnen '
tie n

0(U,, VT) - 1
0(1u, , ,) 2 l

4, !T~~~~f(LT)fJtu)did'

+ f, v0

2 a , V 4 a , ,

! ,,
erf +

2 (u, "'- ) Sine °•"""" " "• °-%



4,

assumed to be the Max%,ell balanced distribution oc i s- il ve ocit'

component ,w'hen (3.5) is derived. Using (2.'9) and (2 li, the

nonsaturation spectral line-shapes of shear f a;.; ire ,oeiUM d

from (3.3)

-"V -(,- 0,a V3, U , .1
gl(y' V') - er ) cf (2V'n2 -P

%1, 4 .'V " - -- ,,]

*h hen 9=0, i.e., investigating along A direction, t:e ior i a on

soectral line-shape is regressed from (3.6) to

2 V .- ) -- -(.

This is the Gauss line-shape that coincides with the nonsatur-tion

spectral line-sahpes of gas macroscopic flow. For one-dimensional,

homogeneous flow, i.e., when U =const2ht and U 3 6 is
x (1 0

t o
to(V ) - 21 -3 0.p -(41n2)

V Aal, O, V- ' sAO.6M jAv',in 3 .3)

8P2 v1 _2

or

.- Au, 1- - ,in 8 (3.0O)

:.here '!a is the gas flow Mach number. (3.3) and (3.0) show that:e

for one-dimensional homogeneous s flow (U =U =7 ), the nn(D sn ." r-ir
0 AK

spectral line-shapes measured along B direction are still T auss

line-sahoes, and said line-shapes havP frequencv-shi.ft :th re :> c

A.
to thoe Gauss line-shapes measured a long A diroot l;. The ;moi"

,of requencv-shi ft v of the location of li [- :;>;:oa. 7,

i s vi-en Iy (3.0). hese conclusion- arn ,i r: P'. v. •

anal'iticaL conclusions of ?efern,7e . } . - .

" '" ,"..,.



[2] indicate: if the time required for the gas flow to pass through

a laser light-beam cross se,tion can be c()mparrel with molecular

energy-level collision lift (e.g., when light-beam width 4.-, J. cm

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

the time for gas flow to pass through the light-beam c :oss section

is only 2x10 - 6 sec), then the gain saturation rule of gas flow

medium and saturation spectral line-shapes will all be different

from the situation of gas unmacroscopic flow. However, the non-

saturation gain of gas flow medium and nonsaturation spectral

line-shapes are consistent with the situation of gas unmacroscopic

flow; the aforementioned analyses reconfirm this conclusion and

further show that: the nonsat'ratien 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

of frequency-shi t , v of the location of spectral line-shapes
.1 f

- peak value is given by (3.9). Av is proportional to the product
f

of flow-velocity, 4v and the sine of the angle between the two
D

directions, and Fig. 2 gives the relationship of vv /A v- with

the change of gas flow Mach number Ma ; A vf is inversely pro cortion"

to wave length ; refer to equation (3.9). This is connistent

wi''th the relationship of single spectral line Doppler frequency-

"/-.. shift. 7herefore, in the domain from the infrared to ultraviolet

li_-er spectrum, a gas flow-velocity of I m/sec will cause a frequency-

. w "t beween . I MI and 10 MH approximately.

z z

o-

"
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w>1

- . Felationship oetween Fig. 3. Two-dimensi:Dn3i
amount of frequency-shift and expansion flow
M aKey: ( A direcr- i;

e (2) D direction.

For shear flow condition of U eU o , equation (3.6) can be

transformed to

2Vn , [ _
U, - U - U

+ 2a, s erf (22a/L Z AvD ) _ _01 'i6

hsenre

* 2a, In -2

-t can be observed from (3. 10) and the folLowin7j text that s!cor

flow nonsaturation spectral line-shapes are e-_ aval1, en1,,t to 1, i,,:--

tion soectral line-shapes of two-dimensional 5vmmetric]l oXO 2 -s.

f .D w.

2. Two-Dimensional Expansion Flow

-n the dom AL n of det-ct ion ooin 5, i m,-S f" .- v ' ,

Component - o1 1 r ).xi , " ro':tion . irc-": . .. ' *..

m)2 M r] -

% %
*14 01: K"l



linearly from -w to we; refer to Fig. 3; for the two detection

directions, A direction is perpendicular to ::-axis, D direction

is at an angle 0 with A direction. The projection values of the

three coordinate components of flow-velocity are

U. - s ;in6 - Usin , u, , 3 u cos8 3.12)

* For homogeneous expansion flow, it can be assumed that within

the velocity range of -w W <IV the distribution probability
o e

of gas particles in the macroscopic flow-velocity space is constant,

so the velocity distribution functions of particles are

1 ui) -(u, U, sin60), 1()~O
8(0) e -0

t,(uj -+)~n6U 31 < zaX( WJCos 6, COS c6) .3
(W 0W s in 3 > OUX( If, 1 Cose, CO W cs9)

*1* -~rfor~transfDrmfation

-~ -I .- si.A~w, 2 2W, + We)-COSO9~ ~

X CX --U+~iOUsZ dU~du'
4a-

2- w + WecosO

f¢ r )i ct r -i I
I  h e- '

.17 <".".1'

.1."--



erf 2,/La 2 3i 16 "

where voVo-AVff, see equation (3.9). In equation (3.16), let

vf=0 and obtain the nonsaturation spectral line-shapes measured

along A 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-

siift 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-shift vf 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<\l, then equation

(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

line-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

V. -2~ VC &(G+W,) (3.17)4VIn ""
.1r.

Therefore, the amount of frequency-shift Av of asymmetrical
e

epansIon spectral line-shape peak value location with respect

svcmo3",' 1 ?e- :Kofansion soectral line-shaoe neaR valne
oV



( W~,

Substitute (3.18) into (3.16 to obtain the magnitude of s'ectr:1

line-shape peak value

2V~n2Cosa
, w. + W.) e W) ((W..1 ?J )

The half width v*=(vD-Vo) at the half peak value of spectral
D D of

line-shape is obtained from the relationship below; v D is the

frequency at half peak value location, VDVof

,,oD, o f, .
erf(ZIn 2 A +- We (2N/La2~i We~

- erf 2a, (w + W,) (3.20)

We better make some generalized mathematical discussions on expansion

flow nonsaturation spectral line-shapes, let

W cW,, X - 2 i;2 , Y -. (3.2"

gG3 2). 1(X, Y) -Y),/,a ,

Perform mathematical transformation

X" + Y' - X + Y, X'- Y'- .X (3.23)

Then g(X, Y):-. (X', a") -- crf(X' + y") -erI(X' - Y)]'

- 2 ( 3.24)

ffUig(X, Y) - M2aXg(X', 7) - Y erf(Y) 7
71 ".for , on< .Ir +in t1 1 .,.

4

-



flDw can b-e obtained from the spectral line-shapes of expansion
flow hrough the near-jet transformation equation (3.23). From

• (3.10) 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 spectral line-shapes,

where curve I is a Gauss line-shape; curve 2 is a symmetrical

- expansion flow (W =W ) spectral line-shaoe and curves 3 and A

are asymmetrical expansion flow spectral line-shapes. Figure 5

- cives the relationshio curves of nonsaturation soectral line-sh-aes

- ceak values with the changes in W cosQ/a . Peak values droo monot-e o

onouslv as W cos/a increases. See Fig. 6 for the relationship
e p

of line -i.d..th nonsaturation spectral line-shapes with the changes

in "o' S /a0 " The increase in line width is comparable to AvD

tnerefore, the expansion flow-pattern and magnitude of expansion

velocit, can be measured according to the changes in line-shapes

hand line width.

_n the relationship equation (3.16) of expansion flow soectral

* ne-s:.es, if we let I NW and use (U -U )sing/2 to substitute
e o e 0

e. 7os , then equation (3.16) is transformed into shear flow spectral

.ne-sapes qciuation (3.10). Hence, the analytical conclusions

inn those relational curves of symmetrical expansion flow in F:.

through Fig. 6 are equally suitable for shear flow. Here we emphasize

a .. i tht: for emission spectral line-sahoes, the flow indicated

:ove analvses is the flow in the neDfhborinn roninn of

i on emission point (i.e., menu ::emut noi , ; ,

• " ,' 1 )-; in s'ace i, ? )oi 1. " , ,

Lr - : ;:, 1 r

-'," '- ..:.- - .:- .: .',- ,'-., ..:' ... .'''..". *.:-.- .- -1.- ".. -" .< :,: 1. '5 1 , .'.-.-,..: : % -



a icated in the above anal ses is the averce fl e. : c.: ong he i<:-

I ': i e a rect on in within I iiht -distance L not , If tt- f I -

.: ' 0 1. t ist anco nirect ion and 1En i- l "

-: : is singular and the magnitude of t h "3,--o _-D

: e li:ht-distance direction remains constant,

-. . .roalac given by this a per are accurately suitable;

n i not singular and the magnitude of the veloc t y

" : . . -: - , n t hi e f o r m u l a e o f t h i s c a p e r g i v e t h e r e i n t i o n -

:- :-" r Iin -shaoes of average flow along the li ht-

.:. cl~'a~n~: ie light-distance length .

' I I I

.3 

3I ; 2

-4.0 -2.0 0 2. 4.0
X - . kn" (v ,- ow) 'J,.v

I-W, W. o; 2-W. - W , Y - 2
3- W, = 2W , y-24 -W . 0, Y 2

. ,2.0 "

0.8 1.6

; 0.6 .

0. 0.8 -

n tt

0.2- 0.4-

1.0 2.0 3.0 0 1.0 2.0 3.0
Y y;-" : " ] c oc 

,- ie ; . .. .
..... .... ..... .Ii

l = 1 ',. :- w ' ZN.
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Closing Remarks

Spectral lines and nonsaturation spectral line-shpaes will

have frequency-shift, deformation and change in line width due

to macroscopic flow of gas; within the domain from the infrared

to ultraviolet laser spectrum, a gas macroscopic flow-velocity

of 1 m/sec will cause frequency-shift and line width change between

0.1 MH z and 10 MH z , and these frequency-shifts and changes, in

turn, can be used to measure macroscopic flow-velocity and flow-

pattern of gas. This measurement method has advantages such as

noncontact measurement: no need to add tracing particles which

are far larger than molecular volume in the gas flow; no interference

with flow field; no limitations to magnitude of flow-velocity

and flow-acceleration; being able to conduct simultaneous measurement

of multiple points; and being able to obtain parameters, such

as gas density, temperature, compositions, etc. simultaneously.

-t also possesses great potential for measuring various nonhomogeneous

gas flows and turbulent flows.
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