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MSASUREMENT IN MULT IPHASE REACTING FLOW S

Norman A. Chigier *

Department of Chemical Engineering and Fuel Technology
University of Sheffield , Mappin Street , Sheffield Si 3JD, England

Abstract flames with particulates. Measurement of gas con-
centration and physical and chemical analysis of

A survey is presented of diagnostic techniques particles is made by suction probes fitted with
and measurements made in multiphase reacting flows , filters to allow separation of particles and gas.
The special problems encountered by the presence Concentration measurements of gas species are made
of liquid droplets, Soot and solid particles in by chromatography, chernilurninescence and flame
high temperature chemically reacting turbulent ionization .
environments are outlined. The principal measure-
ment techniques that have been tested in spray Optical diagnostic techniques are specially
f lames are spark photography , laser anemometry , desirable in particle-laden reacting flows . For
thermocouples and suction probes . Spark photo- making measurements in highly turbulent , nonuniform,
graphy provides measurement of drop size, drop heterogeneous conditions existing in practical corn—
size distribution , drop velocity, and angle of bustors , many of the classical optical methods,
flight. Photographs are analysed automatically by requiring integrations over long optica l paths, are
image analysers. Photographic techniques are unsatisfactory . Continuous wave and pulsed laser
reliable , inexpensive and proved. Laser anemo— light sources provide high energy , monochromatic ,
meters have been developed for simultaneous meas— coherent beams of photons, which can be focused on
urement of velocity and size of individual par- to smell volumes of the order of 1 Jmn 3 within the
tid es in sprays under conditions of vaporization cornbustor. The presence of particulates affects
and combustion. Particle/gas velocity differen— the scattering of the light from laser probes , so
tialm , particle Reynolds numbers, local drag co— that special developments and instrument technology
e f f i c i en ts  and direct measurement of vaporization are requi red in order to u t i l i ze  these probes in
rates can be made by laser anemometry. Gas tern— particle-laden flames. The laser anemometer has
perature in sprays is determined by direct in situ proved to be the most successful instrument  for
measurement of time constants immediately prior to making simultaneous measurements of velocity and
measurement with compensation and signal analysis size of individual particles. The hi gh frequency
by micro—processors. Gas concentration is measured response of this instrument allows measurement of
by suction probes and gas phase chromatography . fluctuations in particle size and velocity as a
Measurements of particle size, particle velocity, function of time by use of electronic signal pro-
gas temperature , and gas concentration made in air- cessing and analysis by high-speed computer.
blas t and pressure atomised liquid spray f lames
are presented. This survey includes a review and discussion

of the state of the art of spark photography,  laser
1. Introduction

anemometry, and measurements by thermocouple and
suction probes. A selection of measurements ofMeasurements in part icle-laden flames can drop size, drop velocity , and temperature and gaseither be made by the insertion of probes or by
concentration in spray flames is presented.

noninvasive optical means , generally using lasers 
Problems and difficulties encountered with these

as the source of light. Many instruments which
measurement techniques are discussed. Indications

have proved satisfactory for making measurements in
are given of directions to be followed for future

purely gaseous flar~es cannot be used directly in development of noninvasive laser optical techniques.multiphase reacting flows. Delicate probes are
physically damaged by impaction of particles; 

2. Spark Photography with Automated Analysis
orifices in probes can become clogged or partially
blocked ; deposi tion of particles on sensors can Shadow photomicrography with high intensity
change their characteristics; and many gas analy— spark light or laser sources has been used exten-sis systems cannot tolerate the presence of par— 

sively for measurement of spray characteristics.
ticulate matter. The use of such probes is only 

One of the major problems in the application ofpossible if the part icles are prevented from automated image analysis techniques to the analysisentering the probe or if they are collected and of spray photographs has been the determination ofmeparated from the gaseous flow once they have the extent to which photographic images of par-
entered the probe . Despite the many attempts which tid es are in focus. This problem has been solved
have been made to overcome these problems , most of 

by calibration of properties of particle images as
the solutions are not completely satisfactory . functions of the particle diameter and the position
Particulates continue to cause both difficulties in of the particle in the field of view of the camera.
making the measurements and inaccuracies in the

This calibration is incorporated in the program of
final results. the image analysis computer and permits the selec-

tion of only those images which have been deter-
Amongst the intrusive techniques , the micro- mined to be in focum by calibration .thermocouple causes minimum disturbance. By

ct.rectly linking the output from fine wire therm- 
The optical symtem for spark photography of

couples to a computer , measurements of local time 
fuel sprays is shown in Fig. 1. The spark unit ,

constan ts are made , followed immediately by direct opera ting at 10 kV , is either focused on a 1 mm die.
digital conçensation . Measurement of the time— 

aperture to provide a point light source, or,
dependent local gas temperature can be made in alternatively, the aperture is replaced by a

diffusion screen which effectively reduces the
* Associate Fellow AIAA depth of field when high density sprays are studied.
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T h u  I . .  -s s ws va Ut’s cc t i’ o p t i c a l  pirarne t-ets ~~~1 I

which h i v e  been used to ph;; t ic ; rap h ul t r c so; i call y
i i  rbl,ist atomised  l i q uid fue l sprays .  P o l a r o i d
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Low throughput Air blot atomized He..y lu,I oi l

T opo of sproy .ioe00d h0rosL0. Oea000.sl condocons,
0.1,, or atomized he.cy atomifld by cold

he..y ice) oil Yo~l 0 )  air , hig h lhrirc1hpicl

~~noie d.ai oP inhielO .05 
I- ’ q . 2 Image ana l ysis comput y ’r  f or  au  tom,i t ,‘d

ii so iso i i i ~i ly s i s  u t  spark photographs9

M.a,i.rem,et depth .P Reid feti,) I 3 0

0,. oI l.,., L, 
pate, pores ,ii5noyn sp,,on f i e l d .  Me’,asurt ’meflt of ulpproxi mate I y 1(9%) t’a i t  i c i t ’s

~on ).,~ th oP 1,1mm) i s  requi  red i n  orde r t e  clot- i ye the  mis s  medi an d i i  —

I.. Ie150th oP 1mm) 
050 set c-’ r I c c  w i t h  i i ;  5% and t o  produce a i u ’~ ci ’ i t  .d’l~

,,fn,0I so so hi s t c n c j r , i r n  of p i r t  i d ’  ic i i.e’s . on ,i ’ r c u ; ’ , ’’ c tin t i i i t t ’ i
,lc.,oera Ieng,h)Ieen) IIso 720 is  requi red to d e r i v e  1 51 ; i ’  di  u t  i i  h u t  l u e c  for  en.’

pcc i c i  t ion i t ;  a s p r a y  I ru ’s 8 ;‘I~~t c cc lr . llc lcs , i ii;’ludi i i, ;
t hy’ I in t o r r’gu ’ red t i c  p r i n t  I hi’ c’ t cmul , i t  1 ~‘c’ nK ’ ,i c ;c i

tact ’, p%~ot ograph is n i l  I y c;i ’ d by t h e  i macjo sent s . The t t it~ ’ rei  ui red 1 cc e xt cc ccs i , ttc d ui , vi I e~
c

iic .il ysis computer , shown i n  F ig .  1. P h o t o i j r , y1ch ~~ 
p h c c l c u t r I l c I t ; ;  i s  t y pi c a l ly  I S  m i l i c I t  ‘5. The I c i t  , i I

are’ scanned by a p1 umbicori video scanner  via an expi u ri nx’ntal t i u i o ’  ; g i l ;  r id to derive ,i s i  ‘i’

epidi.iscope, or a l t e r n a t i v e l y ,  a microscope . I r i h u t  Io n  for c d li’ 1 c i ;  I t l O f l  i n  a I c i ly  c c .  . i t ’ i ’ t  ‘X l  —

Neqat ive e are used so that  the shadow images of tii.. I t e l y  10 m I n u t e s .  I - i  m i , ’  1 . t i~ wi; S l i t’  u l e . I t i —

pa r t i c l e s  appear as b r igh t a r i ’as on the ’  t e l e v i s i o n  
[cu t  c c c i i i ;  n%’as ti red  by t he  u niaqe’ analysts comiccit c ’i 1’ ’;

sc reen, and an y dus t p a r t i c le s  on t Ilt ’ negative s 
three di ffetc ’ict sprays , w i t h  t c . i t t  i ; l , ; .  t i n t ,  5; I r n

appe ar as dark areas .  The video s igna l is  d ig i t i zed  ~ t i  ~lc~~ c urn in d i , I O M ’ t e r .  ‘- i t t , I i 1 ’  pl ot ted i ;

t o give a me’asurerus’n t of l i ght i n t e n s i t y  i n  a di r I [cli i I c c T l s  i i i  • Re;; t c — F irs ,, I i ’ r • f i rm .

matr ix of 700 x 1C~~O ‘picture p u c i r i t s ’ . The mag—
n i f i c a tio n of the lenses betweerl the photoqr,ipli and 

‘l’he 1c l c u c t , c u ; t  ch I l l  c I i’c’hncqcit c W a s  i lSi’ ui I u ’ t  iii’ . ) —

the p 1 umbicon scanne r is chosen t o  s u i t  t h e  sur c ito It s ’  ci i ii’ , v el o c i t y  and ,ns;li ’ c i t  l i t  c ; l i t

~ tti~i I les t  in ~~ges which ,Ire to ice ’ tt~’c~~urccd i t t  tine ~~~~~~ I i ’t S j f l  h c t , u . ; u c r , i t ot  Iic ’i loW c ’, ’tic ’ I i qu c  .1 -g’; i i  - -

photog raph .  The program se lec ts  o n l y  those i~~agvs 
crc ;i ’u ’t i i  c r 1 1  u ’ uri c fo r m i i  i t  r,’, hm s 1 ‘‘  . TIn levi’

which ar e s u f f i c i e n t l y  in focus I c c  ice w i t  h i  t i i 
l1% nt  u t ~ t he  t ,‘c ’I t tc  i q u u ’  I c i  t a ik  i ncr It~ ’, c s r c r c ’rm’t i  I ‘; i n

chosen measurement depth of f i e l d .  When s u f fi c i e n t  ¶~~~~~
‘ led to  sty i t h ,,’s c c l  ‘4’ t , i ~ f l a m e  c’h , u t , t c  t y ’ r —

ima ges have been measured , p lo t s  of par t  i d e  numbe r 
i st I c .  i n  t w i u t  f i t i c  d , i t 1 ,nh i  s e t ; ; ’1 , i i c c l  I u r e S su r~

, t ot  -~

and vol ume rci ’.u.’ dist rihutions , c’ a lcu l at r ’d  n umcr ica l , i t ;  c ’c ’ t e u l  i i c t , ’  E l i . ’ wake c c l  1 St  ~I ’t I i .  c ’t c i i  sk

mass and Sauter  mean d i ame t i ’r s  and pa r t  i d , ’ shape Thts st udy ; Icui ~~c .u1 the , l i ’ i c c u l y r c , I T I I O  i n t , ’ r ai - t  c c c i ,

i n f o r m a t i o n  ire  p r in t ed  out . bu’tweerc sprays and ree’i t u ’ U l  at i i  ‘i i  ,s.c r l c ’c ; t ’  . Tb.’
n1.’,Isur’ etm’tlt technique is desc’u i Iced at i c i  a u ’u s l c p I i  l u l l

P ar t i c les  down to 5 urn in  d i a m e ter  have been of t he  dynamics  u t  dr cc l c tet S l i i  Ict it-ni n u j  11111

photographed moving at speeds of 30 m/s In fl ames ,  t h e r m a l  k ’r i c ’u , ’tli’  ~ 1’ ~~~~~ ; ic st iowi; l i t  F I .  0 . The’

Under  luminous  flame condi t ions , l i g ht  f i l te r s  are au tomated  ana l y s i s  c t  ; i c , l r k  I c t l i c t , c d t h , t t c t O  t u c u  tth ’, u . u ; r t

m t  roduced so as to reduce the e f f e c t  of backqround s en t  c cf pa r t  i c’le si . ’ ’;’ i c t  ~~ ‘i ri’ ; s cli ’s 115 1 Ii,

l i g h t i n g .  On average , 100 to 200 p a r t I c l e s  are lit t a i l  i n R e f .

counted per photograph w i t h i n  the 11) mm dep th  of
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components, turbulence intensity , coroi•latjons arid
/ / / spectra have been made in  a wide r ange  of f la t s’ s  on

both laboratory and industrial scales. In many
combustion systems , there is a sufficient amo un t of
particulate matter to enable velocity measurements

0~ to be ma de , but improved s igna l - to -no i se  rat ios ~~veI + been achieved by seeding the gas flows with micron-
so / / ‘/ size particles , such as ma gnes ium oxide . Spatial

/0 / resolution is generally of the order of 2 mm length
m + by 200 urn d i a m e t e r  and frequency response i n  the kH z70 / / range has been achieved by sufficient seeding.

7 ,
0 

/

“

~.i,~0~cm 

Amongst the several signal diagnostic techniques,
the single particle counter has been favoured, in
that it provides an accurate measurement of velocity

9° C / of individua l particles. Velocity variations with
I / / time can be determined , enabling conditional

samp ling and detection of large-scale eddy movements.‘5 / / 1~/ 
//

/ +
/ /

I • , , ) , , , ,
3 10 50 100 soo i ooo PEAJ4~ SIGNAL EA

Fig. I Size distribution measured by image ana lysis ~wcomputer  for  a range of  sp rays :

• - ultrasonically atomised kerosene , MEAN PEAK Ep05 kg h~~; o - airblast atomised water ,
13 kg h’~~ + — airbiast atomised heavy fuel

~~ 

APEDES
AL Eg

o i l , 1000 kg h~~~; ‘— ‘—  - Rosin-Rammler
e m pir i c a l  l ines9

Spark photography is , at present , one of the
most accurate and least expensive  techniques for
particle analysis. The technique allows direct
measurement of size , shape , velocity and angle of
flight of individua l particles , from which distri-
butions throughout the spray can be determined of TIME
local number density and local size distribution.
The basrc photographic technique has been extended 

Fig. 4 Dopp ler S iu lilil l [icr simultaneous particle
by the following means: (1) Use of television 

size and veI ;cc -i ty mea surement 12
cameras and video tape to record images and carry
out subsequent analyses by image analysis computer. 

The Doppler si ’jri,iI for a single particle pas-
These two operations can be direct iy coupled so as 

si n g t h r o u g h  t h e  cen t  ri’ c c l  I hi’ ns’asu rem ent  cont r ic h
to provide o n — l i n e  image ana lys i s .  ( i i )  Rep lacement 1 of a f o r w a r d - s cat t er  l a se r  ,ine’mometi ’r sy s tem
of spark sources by pulsed lasers , so as to provide is shown in Fig. 4. The signal is composed of a
shorter duration light sources with  more un i form Gaussian d i s t r i b u t i o n  for  t h e  1ce ’des t , i l  and the
background lighting. This allows particles to be enve lope. The mean of the s;ctr c .it i s  determined
measured more accurately down to a size of 2 ~cm. electronically and the mean peak ~p0 is dete’rmined(iiil Holography in conjunction with a pulsed laser, as a function of particle size for a fixed optical
A single hologram covers a wide depth of field. By 

arrange ment. Calibrations u i f individua l particles
reconstructing this hologram , using a television at t u a c h i e d  to rotating disks traversed through thecamera , the sections of the spray can be brought c e n t re  of the measurement  volume demonstrated that ,
into focus under controlled conditions , allow ing 

by judicious selection of the optical c].’ccm.’try, an
more detailed analysis of the spray , 

unambiguous one-to—one relationship could he oht,ain-
ed between the amplitude of the low pass filtered

3. Laser Anemometry mean signal and the particle diameter for particles
in the range 30 to 240 urn. Predict  ions based on a

Laser anemometry has been developed for the combination of refraction , reflection and di f-
simultaneous measurement of droplet size and f rac t ion  of the i n c i d e n t  l ig h t  we re found to be i n
velocity . Signals are recorded of l ight scattered good agreement wi th these measuremesnts~~~’~- 1 .
by individua l part icles as they cross the f r i n g e s
in the measurement volume formed by the crossing of The nonuni form l i g h t  In t e n s i t y  w i t h i n  the
two laser beams . The velocity of part icles is measurement  control  volume (WV) r e su l t s  In  a
determined di rectly from the ana lys i s  of the mess vari a t i o n  of s igna l  amp l i t ude w i th  p a r t i cle  t r a -

i n t ens i t y  of ‘h-  scattered ligh t is a function of pass through the centre  of the MCV produce lower

urement of frequency from the modulated s ignal .  The je ctory through the MCV. P a r t i c l e s  which  do tici t

the par t ic le  size.  Provision needs to be made for amp l i t ude  s ignals ,  which  cannot he s imp l y d i s t i n -
opt ica l  access to allow ei ther  the forward— guished from s i g n a ls  produced by s m a l l e r  p a r t i c l e s
sca t ter  or back-scatter modes of dua l beam anemo - passing through h ighe r  l i g h t  i n t e n s i t y  regions of
itsotry to be u t i l i z e d .  Measur ements of velocity

3

- - - -



1the ~CV. This .amb l ,gu lty  et f e c t  haic been taken into Il5’asiired at the same time. This density l im it is
account by using an inversion routine ’ to convolute suffi cientl y hig h for n e c s t  iow-ne ’di urn t I c r c c c c c t h c j c c l t

the signa l amp l i t ude  distributions obtained f rom fue l sprays , except very c l u c s c ’  t i c  the atomi’;.’r.
many particles , by using the equation relating the Details of tint ’ optical and signal processiti t c;yst ‘tic

s igna l  peak to both p a r t i c l e  di a n o ’ t u’r  and p a r t i c le and I Ii,’ methods used for ,ana lys inq  the d a t a  i i i ’

posi t ion in the ICy. Thi s data convers I cc ii me t hod ;lt’sc ’ i i  hod i n  sto r e’ dot a i i  i n  Re f s.  12 arid I I .
involves the invers ion  of a n e ar - si n g ul~ar m a t r i x  or ,
.u lt e rnat iv e ’ ly ,  u t i l i z a t i o n  of an i t e r a t i v e  curve’
f i t t i n g  technique . One’ met laod of overcoming t h i s
ambigui t y ,  due to v a r i a t i o n  of l i g h t  i n te ’n s it y  

, 8 e 6710

~along the axis , is to i ” ir o d u c e  an additional ‘gate’
photomultiptier at 900 to the optical axis. ‘l’lae’
data processing system is modi fied so that the 6
signal from the forward di rection phot omu ltip lii ’r is U
only measured when the signal is simultaneously
present at the gate photomultiplit’r. The light 1!intensity variation across a .“cO him width of tlai’
ICy is only a few percent  so that the peak nI’ari
signa l amplitude for a p .art i c ul ar  par t  i d e  di ,amet .’r & 2
can be assumed to be a f u n c t ion  onl y c c f  the di rt’c-
t ion norma l to the u c t c t  i ca l  . ixi  S. Thi s ’t rt’ it l y

0 50 100 150 200simpl ifies the d a t a  i n v e r s i o n  and no ’asurt ’tn& ’nt s w i t h
the  gate phot o m ult ip l i c ’r showed icicc u l agreement  w i t h  DIAMETER (MICRON )
those ob ta ined  usi ng f l a s h  photog raphy fuir experi-
men t s  us ing both glass  particles and d i l u t e ’
kerosene sprays.  Fi g .  Ic Me ,a n peak a m p l i t u d e  E~ 0 ci t  Dopp l e r  sigi i .a l

as f u n c t i on of p,a r t i c l e  d iameter 13

Figure’  I’ shows t I l t ’  van ,it ion of mean peak
a mp l i t u d e  as a f unc t i o n  o f pa r t i c l e  d i a m e t e r  - c r  a
beam angle  of 5 . 710 and a c o l l e c t i on a n g l e  of ] , c 1 u i ,
Th is  shows that , for p a r t  id es I ,arqr’i titan t h e

~l WIDTH1 - - - f r i n ge  spaci ng ,  i n the  r I t i q e ’ 30 — 7(9) t im , a u c i l i ’  i c c —
- 

~~~~~~~ 
mIS APERTURE one r e la t  ior ’,slaip betwee n peak s igna l  and ii i.e is

S..- ~~~~~~~ / obta ined , Thi s r e l a t i o n  is  d i f f e r e n t  for t r an i s—
p ar e n t  and op aque Spheres , so t h at  c , i lculii t ions and

CONTRO t ~Vt~~~ opt  t ca l  propert ie ’s of the  p a r t  l ies .
MC A S&PE M(NT r— d -l c a l i b r a t i o n s  requi re to be made , based upon the ’

APtRT URE WIDTH 
~e~c;m tt c mtso,o

PHOTOMIJI, TIPtIER coo €a soet coos
D 2 ,atoe puoct I(C .rle p~

,
P.03I~

I I

Fig. S Laser anemometer optical system showing
measurement control vo l ume with ‘o ff-ax is ’ C

0 200 250
collection for particle sizing 12 d (em)

The optical system shown in Fig. S is an off-
axis forward—scatter mode with a narrow vertical Fig. 7 Comp a r i son o f si ze di st r i b u t i o n s  measured
slit photomultiplier aperture 12 ’11 . Off-axis col— by laser anentomt’ter (L~~ ) and impaction
lection reduces the dimensions of the region in techni que11
which particles produce scattered ligh t it the col-
lecting photornultiplier , so that the t’ff,’ctlve Figure 7 shows a comparison of S~~i.i’ distribu~~oii
length of the ICy is reduced. A collection angle of measurements made by the laser anemometer with those’
Ic .80 was selected’2’13 to preserve signal-to-noise made by i mpaction techniques. Figure 0 shows corn-
ratios sufficiently high t o  obtain accurate velo~~ty panisons of particle size distributions measured i n
measurements and yet large enough to produce a sig- kerosene sprays by the laser anemometer and spark
nificant reduction in the le.igth of the MCV in which photographic techniques. In the impaction t ech -
particles are detected. A vertical slit aperture , niques , sm a l l  particles 1-ire deflecte’d around the
85 urn wi~~~, resulted in signals being accepted In a impactor and inaccuracies arise i n  anal ysis of
diagonal 230 urn wide slice of the MCV. The reduc- dimensions of individu al impactions. In tire ’ t Iic ct ;c.

t ion in d imens ions  of the MCV is not as great as graphic technique , inuiccuracjes iris.’ in  de’terniin-
can be achieved by using the gate photornulti p lier ation of whether the particles are in focus. The
a t 900, but the o f f — a x i s  geometry has the advan— s t a t ist i c a l  averag ing  procedures used i n  the  im p a c—
tage of e l i m i n a t i n g  the requirement of a second [ion , photographic  and l a se r  anemometer  me,isurem’nt s
p h o t o t n ult i p l i e r .  This o f f — a x i s  g ’ometry enabled ,ire t rc c t  the ’ same , so t h a t  comp l e t e  agre ement  i s  not
high par t ic le  n tmube r densities of a t  least 1010/m 3 foun d in p a r t i c l e  s i z e  d i s t r i b u t i ons c c i’t i l i i c ’ uI w i t h
to be measured wi thout  the s t a t i s t i c a l  p r o b a b i l i t y  these various t e chn iques ,  The ias , ’i  aIte ’naolra ’tr ’r has
of there being more than one particle being the advantage of being  .a noninv aslve , high
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frequency response system, which allows simul tan-
eous measurement  of par t ic le  size and ve loc i ty ,  “I

which can be processed and analysed by d i g i t al  
FcA ~~ 

pti p i~ m,computer.
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Fig.  9 System for pulsed h e a t i n g  and dig i tal
processing of micro—thermocouple s ignals14

A dc heating current is applied , for a t ime of the
0 100 200 order of io—2~~, and then switched off. The signal

d (pm) is recorded by the computer and an algorithm in the
program converts the thermocouple ernf into tempera-

Fig. 8 comparison between size distributions ture by measuring the thermo-electnic character-

measured in kerosene spray b istics of the junction. This measured decay curve

meter and spark photography 1’
~ 

laser anemo- 
is generally concealed by the local temperature
fluctuations in the flame , so that it cannot be used

4. Gas Temperature Measurement by Computer to accurately derive a local t ime constant for the

compensated Thermocouple thermocouple , This is indicated by the top curve
inc Fig. 10. This problem is solved by repeating

Fine wire thermocouples can be used for mak ing 
the procedure lix) to 1000 t imes, depending on the

measurements  of gas temperature in mul t iphase m a g n i t u d e  of the local temperature f l u c t u a t i o n s,

reacting flow systems . The f i r s t  requirement for and t ak ing  an ensemble average of the s ignals  by

the use of such a thermocouple is that i t  should be adding each decay curve wi th  time measured relative

able to survive the direct impaction of liqui d to the t ime at  which the heat ing current is removed.

droplets or solid particles;  the selection of the A range of the rmocouple confi gurat ions  has been

minimum wire diameter is governed by this critericzc. 
investigated in both nonburning and burning f lows

The measurement of temperature as a function of 
and the e f f e cts of vary ing parameters such as the

time in an unsteady flow f ie ld  using a thermocouple overheating time and the number of ‘overheatings ’

requires knowledge of the time constant , which is 
has been studied. The output from the thermocouple

a function of parameters governing the rate of is recorded d i rect l y on a PDP-1103 mini—computer

heat t ransfer  from the thermocouple bead to i ts in conjunction with a Teledyne Phi lbrick AIX: , The

envi ronment . These parameters include the physical combination allows the rapid logging of thermocouple

properties of the thermocouple bead , physical emf at a rate of 2000 readings per second,

properties of the gas; temperature , concentration Figure 11 shows the temperature history in a

and flow fields in the v ic in i ty  of the probe . propane/air d i f fus ion  f lame before and a f te r  corn—

When the thermocouple is used for measurement  of pensation by the computer for a the rmocouple w ith  a

temperature as a funct ion of time , the frequency time constant of 17 ms .

response of the ins t rument  c’.,n be substantially
increased by compensating for the thermal lag as The digita l processing technique is capable of

the thermocouple bead adjusts  to the temperature applying additional corrections i f  these are found

of the environment.  This compensation can be made to be necessary; for examp le , radiat ive heat

by electrical analog but there is a fundamental t r ans fe r  and catalytic e f f ec t s . The digi tal  pro-

limi t to the frequency response of electrically cessing provides vastly increased f l e x i b i l i t y ,

compensated the rmocouples and there are major compared with analog methods and also provides

s igna l—to—noise  ratio problems, improved signal-to-noise ratios . When thermocouples
are introduced into sprays in hot gas environments ,

In order to make measurements of variation of the e f f ec t s  of the droplets on the temperature

temperature in both space and time in flames laden measurement vary according to the densi ty  of the

with liquid fue l droplets and solid particles, a spray. In regions of high dens i ty ,  there is a high

compute r compensated thermocouple has been deve- probability of drop lets h i t t ing  the thermocouple

loped at Sheff ie ld  University1’4 . P la t inum— bead , where thay can cause an instantaneous

pla t inum rhodium and i r idium-ir idium rhodium reduction in temperature and may, in the extreme,

thermocouples are constructed from fine wires with remain on the bead , forming a f i l m .  In many spray

diameters between 25 and 75 tim. Figure 9 shows systems , however , the density of the spray is such

the system used for automatic derivation of that the probability of a particle hitting the

thermocouple response characteristics and the thermocouple bead is small and the time during

digital processing of the thermocouple signal, 
which measurements are perturbated by droplets is

Impulsive heating is applied repeatedly to the small, compared to the total time during which

wire to produce a step—change in temperature , 
measurements are made . Hence , it is possible to

followed by decay as a function of time , make measurements of the gas temperature , taking
into account the perturbation due to the presence

5
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F i g .  10 Den ~ ‘,I t  i on  c c f t he~r nk c cu c u I c  Ic t , ’ cc l u c ; c - c  
-

ct a ,ir a c te ’r i s t  l i _ cu in  a t i in t ’u l , ’n i t  f l , i n i e ’  by
,‘it se’ntb l t’ , lv e ’rauj i n i u j  of  su i t  ip 1e— ~cii 1 cc, ’
heat

0 - I I i I
,c f  drop l e t s .  o 2 6 e

CU EL I A I R  MASS R A T I O

In  general , nm’,isure’ment of me, ln , r a t he r t h a n
f I uct ua t i ng t enn~e i s  t i_ir e , is tie t sen s i t  i ve t i c  t he, i i  cj . I ,‘ ‘I’ j im’ cot ;;; t l i l t  c c l  a t t ie ’ i tiiec c ’.’up I ’ ’ , tie ’ ,i s i l ie ’ ci
I’r e’c i se’ response ch ar c ic te ’ r i st  I ccc u ’ f the’ t he’rttto — by e’l e’ct n i  cal ly c c~~c,~ rh , ’s t i i i , ;  i i i  t Ii, ~‘~‘n ~ t I, ’
c c cup It ’ . Me ,a sure’nm’nt s with thermocoup les i n  spr,a ys i _ c f  a ke ’rose’t re ’ cc~’r,i\° , 5~1 5 t i I i i c ’t I ’ l l ,‘ I t i i , ’i
show t h a t , , lp ar t  from the ’ case of ye’ ry dilute’ a i n  mass ra t  i~’-
sp r,ays , the nis’asu re’d local mean t empera tu r e i s
i i i  it ’ rmed I it o be’ t we’e’n t he’ I oca 1 gas temp.’ rat lire’ , i itui  I t  was ic ’ iii i u l t ha I , c.’li ,’ ‘c ~ i i i , ’ t ticc ’c’u ’ lip I t i c  c, , - t , -
the’ tt ’n ’e’ rat ure of the d top lets . The’ t he’ n nmccoup it ’ cc, ’i t ,‘cI in k ~‘ rose ii.’ c u 1 c i  , i \ ’  cu S u ~t ; I t  c ’~ ’ I ,  - t i c  Ii,, V i i i , ?  cu I u -

he,l ci e s e f fe’ct j ye 1 y spr.ay— coo It’d .inid the ’ Ti,I utt i  j t cl iii ’ up t i c  ,‘Ot)  i tti and ii;.’~ ’ iii , t i t  Vt ’ l i _ c u ’ i t  i c - iq ’  t , -I, ’ n c  5 ,
c t  t h i s  coo l nd i s  dependent on the ’ local spra y t h e y  we’re net d,tm,icie ’d . ‘i ts’ p i t ’ se’n ic ’e ’ u ’ l  I , , r ’ i t - t i
ci, ’ ti c i t y • dreip let s i i . ,’s and ye b c  i t  i t ’ cu . When d rop — I , ’  t s cit  lit ’ ,ivy fii, ’ I ,‘i I , ci  Sc’ i i  .1 i i i .’ 1 1.0  t I c I - c S I I
let s  Im p i n g e  on the’ thern ~icoup 1e’ b,’.id and rrodlck’ d ’ ,a n , ‘,~~i i i  r t ’ more’ robust t ier tiie’c u ’ III’ I, ’cc i ii ci, ; i’ , , -  - i  n cv
thin film of I i c i d l i d , the ,;dcii t l c ’t l c I  I convect i vr’ re ’cj i ccn i s .  T h e ’ .-‘ ‘: :‘~ :, ;tie ’, l r c u r t ’nk’lt t c ’t t Uk’ ,,‘cc’ t li l t
inca t I ng caused by this fi lrn c cii; he r~’ dcccliii i.,’ui by ,i 1 lows t he’ t -t t sce ’cci ip I t ’d t c ’ be’ 11cc, ’ u l i i i  t 1 i - c t ’ ic ‘ c c ;  c

an observed re’duct ion in the meas i_ ire d the  rniocoup It’ en vi  roni irte ’ i t t  ii I c ii tik’,I 11 11 I t’ittetl t c ’ t u t , I I t c ’nipl ’ 1, 1 t i l t - c’
t i m e  constant . Figure 1 .~ shows the t i m e  cotis t ant  v,ar i at ion with I i ns’, i n; d utch t i c cii I c ’ t Is’ t ~‘~1’~ t c i i i i , ’
,c f  ,t thermocouple , measured by e l e c t r i c a l  ov e r —  n, ’asunenm’;it , the’ ns’,nsure’nk’nit u ’t t ins ’ c’c ’ti cu t li l t can Lhe.a t I ng in  the cent re’ ‘f a kerosene spray ,as a a I Sc’ be’ t ’X ~ l i _ c i t  e’di ,ts a ,i~ , i u i t i c’;c t  i i ’ t e’i_’hn i i qite’ i i i  fue’ I
f u n c t i o n  of the fu e l / a i r  m,ess r a t i o .  This shows st ’ r ,Iys , t c’ provide ,an i nid i c,a t ion  u ’ f loca l  spray
that t he’ t i m e  c o n s t a n t  decreases w i t h  inc re,asj nq d e n s i t y .
mass flow rat,’ of  l iquid , which resell t s  i n  In
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?&‘asurc’nnc.’ncts h av e ’  be’e’i; c , c c c i u ’  in  spray f l a m e s  hi gher than those for the small  drop lets . Thi s
it  -~l c t ’ f t i c - l d  tln i v t ’r s i t y ove r -a i c e r i c c d  of twe lve’ demonstrates that the r e l a t i v e l y  sma l l  droplets

~~~, r ; , Ti , - - c , -  c l v c ’ t a - u n r c I c d c r t  c - c t  and rI-vic’w,’(t in lose most of their Somentum soon a f t e r  leaving  the
- ‘ l c , no’,’czl e e x i t , due to t h e i r  higher d r a g/ in e r t i a
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Fig.  13 Isoveloci ty l ines  in :  a) isotherma l spray ; and b) spray flame , as measured by laser anemometer
w i t h  f r equency  s h i f t  for reverse flow measurement 2 1

Figure  13 shows an example of velocity measurements  rat ios , but the larger drop lets are less affected
made by laser anemometer in a twin-fluid atoinised because of their lower irag/inertia ratios. These
kerosene spray under burning and nonburning con- measurements demonstrate the capability of the
ditions. Frequency shift in the laser anemometer laser anemometer to measure local particle/gas
allowed measurements to be made of reverse flow in velocity differentials, from wh ich local Reynolds
the recirculation regions in the wake of the numbers and drag coefficients can be determined
stabilizer disk . Significant increases in mean under conditions of vaporization and burning.
velocity, both in the forward and reverse flow
directions, were found as a result of combustion Figure 16 shows concentration profiles in an
(Refs, 16,20,21) . In these measurements , no dis— airbiast atomised spray flame , measured by using a
tinction could be made between the velocity of quartz micro—probe and analysing the gases by
particles with different sizes. This led to the chromatography. Radial gas concentration measure-
development of the laser anemometer for simultaneous ments for C02, ~~~ 02, 

CH4 and CO. with correspon-
measurement of particle size and velocity, ding temperature profiles , are shown at two axial
Figure 14 shows the temporal size distributions distances in the spray flame. Gas concentration
for measurements made at the same position in cold and temperature variation along the centreline of
and burning kerosene sprays by laser anemometer1Z1~ the spray flame are shown in Fig. 17. These
The cold spray was found to have a wider size djst- measurements showed that burning takes place at
ribution over the size range measured between 15 the outer periphery of the spray and that , within
and 50 tim. These changes can be explained due to the spray , both oxygen concentrations and
the preferential evaporation of small droplets , temperature levels are low.
leading to total evaporation of the smallest drop-
lets with a residue of larger droplets. The I
calculated local volume flux of droplets af ter
ignition was found to be greatly reduced, due to 

I 

~t~
_Fc
~
-_1 I I

combustion and evaporation . The mean droplet I
velocity and the variance of droplet velocity are I ‘ 

-,
shown as functions of droplet diameter in Fig. 15. ,
These results show that, for the cold spray experi- ~~~o ,ments, the mean velocities of larger droplets are a ~~ .,. ~ 
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