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For si mul ta neous mea sure ment of size and ve loc ity dis tri bu tions of con tin u ous and
dis persed phases in a two-phase flow a tech nique phase-Dopp ler anemometry was
used. Spher i cal glass par ti cles with a par ti cle di am e ter range from 102 up to 212
µm were used. In this two-phase flow an ex per i men tal re sults are pre sented which
in di cate a sig nif i cant in flu ence of the solid par ti cles on the flow char ac ter is tics. The 
height of in flu ence of these ef fects de pends on the lo cal po si tion in the jet. Near the
noz zle exit high gas ve loc ity gra di ents ex ist and there fore high tur bu lence pro duc -
tion in the shear layer of the jet is ob served. Here the tur bu lence in ten sity in the
two-phase jet is de creased com pared to the sin gle-phase jet. In the de vel oped zone
the ve loc ity gra di ent in the shear layer is lower and the tur bu lence in ten sity re duc -
tion is higher.
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In tro duc tion 

Tur bu lent two-phase flow oc curs in many in dus trial ap pli ca tions, such as in pneu matic 
trans port of particulates, cir cu lat ing fluidized beds, cy clone sep a ra tors, and chem i cal re ac tors.
In ter ac tion be tween the par ti cles and the gas lead to the changes in the level of the gas phase tur -
bu lence in ten sity. See, for in stance, the re cent book by Crowe et al. [1].

His tor i cally, con sid er able ef forts re gard ing nu mer i cal pre dic tions have been made,
where the meth ods may be di vided in two main cat e go ries, namely the Eulerian ap proach and
the Lagrangian ap proach. In the Eulerian ap proach the dis persed phase is treated as a con tin -
uum, and has been re ported by sev eral re search ers Elgobashi et al. [2] and Simonin [3]. The
Lagrangian ap proach pre dicts the par ti cle mo tion in the con tin u ous phase by solv ing the equa -
tion of par ti cle mo tion di rectly Berlemont [4, 5], Desjonqueres [6] and Sommerfeld et al. [7].
How ever, de spite some suc cesses, dif fi cul ties still re main in con nec tion with mod els rep re sent -
ing the var i ous phys i cal as pects of tur bu lent par ti cle mo tion. Con se quently, it be comes im per a -
tive to con duct ex per i ment to yield data which im prove the ba sic un der stand ing of the fun da -
men tal phe nom ena.

It is from this point of view that many ex per i ments have been per formed on par ti -
cle-laden flows. Hestroni and Sokolov [8] mea sured a de crease of tur bu lence in ten si ties in the
two-phase jet com pared to sin gle-phase jet for Stokes num bers St n 1. For higher Stokes num -
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bers Prevost et al. [9, 10] mea sured de creased tur bu lence in ten si ties in the two-phase jet com -
pared to the sin gle-phase jet. Later the ex per i men tal works of Lee and Durst [11], Modarress et
al. [12], Tsuji et al. [13], and Hardalupas et al. [14] pro vided much needed data to help un der -
stand the be hav iour of two-phase tur bu lent free jets. Longmire and Eaton [15] in ves ti gated the
struc ture of a par ti cle-laden round jet. In con trast, un til very re cently it has been dif fi cult to find
in the lit er a ture a well doc u mented ex per i men tal study of a two-phase tur bu lent co ax ial jet. In
fact, for un der stand ing of the tur bu lence mod u la tion and its driv ing ef fects fur ther tur bu lence
anal y sis with sta tis ti cal mea sure ments of tur bu lence mod u la tion and de tec tion of the in flu ence
of the dis persed phase on the tur bu lence struc ture in the two-phase jet are nec es sary. A spe cific
need for ex per i men tal in ves ti ga tions of phase in ter ac tion is pro vid ing fast si mul ta neous and cor -
re lated mea sure ments of con tin u ous and dis persed phases in the flow field.

For non-in tru sive mea sure ments of in ter ac tions be tween dif fer ent par ti cle size dis tri -
bu tions and the tur bu lent car rier flow, phase-Dopp ler anemometry (PDA) is a well-es tab lished
method. PDA is a la ser-op ti cal mea sure ment tech nique for si mul ta neous mea sure ment of par ti -
cle ve loc i ties and sizes. This op ti cal method de tects the light scat tered by an in di vid ual par ti cle
dur ing its path through the in ter fer ence vol ume of two in ter sect ing la ser beams. The PDA de ter -
mines the par ti cle ve loc ity from the sig nal fre quency shift as in con ven tional la ser Dopp ler
velocimetry sys tems. If the ex per i men tal setup is well suited to the op ti cal prop er ties of the par -
ti cles, the phase dif fer ence be tween two sig nals de tected si mul ta neously by two de tec tors at dif -
fer ent po si tions is pro por tional to the (spher i cal) par ti cle di am e ter. There fore, the par ti cle di am -
e ter is de ter mined from the phase dif fer ence of the sig nals.

The ob jec tives of the ex per i men tal study is part of a re search ef fort aimed at the mea -
sur ing the mean and fluc tu at ing ve loc ity dis tri bu tions of two-phase tur bu lent co ax ial jets un der
con di tion of ve loc ity ra tio, par ti cle load ing ra tio, and par ti cle sizes. 

This pa per pres ents ex per i men tal re sults from a study of gas-phase tur bu lence mod u la -
tion in the pres ence of par ti cles.

Ex per i men tal setup

The gen er a tion of the two-phase jet

In or der to ana lyse the tur bu lent struc ture in the two-phase flow, si mul ta neous mea -
sure ments of trac ers (d = 5 µm) and par ti cles (dp = 102-212 µm) have been car ried out with the
ex per i men tal setup of the two-phase tur bu lent co ax ial jet il lus trated in fig. 1. It is very im por tant
to note the def i ni tion of tur bu lent Stokes num ber St, which is de fined as the ra tio of the par ti cle
re sponse time to the fluid re sponse time, char ac ter izes the re spon sive ness of the par ti cle to the
fluid-phase tur bu lent fluc tu a tions [14]. A value of St larger than one cor re sponds to un re spon -
sive par ti cles, with a value less than one cor re spond ing to re spon sive par ti cles. St = tp/t, where
tp and t are the par ti cle and fluid re sponse time, re spec tively, tp = dprp/18 m and t = D/U,where
D is the pipe di am e ter and U is the fluid-phase mean ax ial ve loc ity. The seed ing par ti cles used to 
mea sure the sin gle-phase ve loc ity in the pres ent in ves ti ga tion have St ap prox i mately equal to
0.34 and are highly re spon sive to the fluid ve loc ity fluc tu a tions. In con trast, the St val ues for the
ranges of par ti cles (dp = 102-212 µm) are sig nif i cantly larger than one, which in di cate that the
par ti cle mo tion for these par ti cles are un re spon sive to the fluid ve loc ity fluc tu a tions.

In this ex per i men tal in ves ti ga tion, the mean exit ve loc ity of the cen tral jet and the an -
nu lar jet are U0 = 31.9 m/s and Ua = 7.4 m/s, re spec tively. The cen tral jet di am e ter D and the an -
nu lar jet di am e ter Da are 6 mm and 18 mm, re spec tively. Air sup plied by a blower passed the
flowmeter, colsonic and was then sep a rated into two lines. In one line, glass par ti cles were sup -
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plied by a gear feeder pow ered with a vari able speed mo tor. The other line passed through the
tracer gen er a tor. The air and par ti cles were passed a cen tral tube. The an nu lar jet is encemenced
by tracer par ti cles [16]. 

The stream wise di rec tion is the x-axis and the ra dial di rec tion is r-axis. The ver ti cal jet 
flow dis charges into am bi ent air. The exit Reynolds num ber based on the cen tral tube di am e ter
D, is 1.2·104. Since the PDA mea sure ment vol ume is fixed at a cer tain point in space, the pipe is
mounted on a two axis dis place ment sys tem driven by a per sonal com puter. The tube is aligned
by a cathe tom eter. Ex per i ments were per formed us ing glass par ti cle with a ma te rial den sity of
2500 kg/m3. The par ti cle load ing ra tio F = 0.22, de fined as the ra tio of the to tal solid mass flow
rate to the mass flow rate of the air at the noz zle exit.

Op ti cal scheme and mea sure ments 

A two-com po nent la ser phase-Dopp ler sys tem (Dantec) was used. The beam emit ted
from an ar gon la ser is di vided into beams of wave lengths l1 = 514.5 nm and l2 = 488 nm for
two-com po nent ve loc ity mea sure ments. The op ti cal sys tem is com posed of a Bragg cell unit
cre at ing a 40 MHz fre quency shift in or der to avoid di rec tional am bi gu ity, trans mit ting and re -
ceiv ing op tics, photomultiplier (PM), and a nu meric os cil lo scope was used for on-line con trol of 
the Dopp ler sig nals and the op ti mi sa tion and tun ing of the elec tron ics. The re ceiv ing op tics is
placed 28° to the for ward scat ter di rec tion, to min i mize the con tri bu tion of re flected light.
Dopp ler bursts are pro cessed by the Dantec 58N81 phase-Dopp ler sig nal pro ces sor. Ta ble 1
sum ma rizes the rel e vant op ti cal pa ram e ters of the PDA. All data are trans ferred to a PC be fore
be ing post-pro cessed by cus tom ized FORTRAN pro grams. A sin gle mea sure ment at a given
point gen er ally com prises 5000 par ti cles. Five ra dial pro files (x = 0.5-30D) and the centreline
pro file are mea sured. The gas ve loc ity is ob tained by av er ag ing the ve loc ity mea sure ments in
the size class 0-5 µm, par ti cles of this size class have been ver i fied to be good trac ers for the gas -
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Figure 1. Experimental setup for the two-phase jet

1 – air, 2 – flowmeter, 3 – colsonic, 4 – trac ers gen er a tor, 5 – par ti cle feeder, 6 – noz zle, 7 – dis place ment sys tem 
for tube, 8 – PDA, 9 – sig nal pro ces sor, 10 – par ti cle col lec tor, 11 – com puter



eous phase. Two-phase mea sure ments are made in two stages in or der to mea sure the ve loc i ties
of both the gas and the par ti cles. The first stage in volves mak ing mea sure ments of the gas in the
pres ence of the par ti cles. The sec ond stage in volves mea sure ments of the larger par ti cle only
[16]. 

Re sults and dis cus sion

In this sec tion, mea sure ments of the ve loc ity of gas phase and of the dis persed phase,
are re ported and ana lysed. 

Sin gle-phase flow

We now pres ent ex per i men tal re sults for the
sin gle-phase flow. Fig ure 2 shows the vari a tion
along the axis of the jet of the mean ax ial ve loc -
ity along the centreline, Uc, and of the tur bu -
lence in ten sity, u’c/U0 for the jet with exit ve -
loc ity, U0 = 31.92 m/s. Re gard ing the length of
the po ten tial core this fig ure re veals that the po -
ten tial core is of about 4D length, a re sult which
is con sis tent with those of other in ves ti ga tors
[17]. The ex tent of the po ten tial core is de fined
as the dis tance from the or i fice (or exit plane of
the noz zle) to the point of in ter sec tion of the
con stant, is su ing ve loc ity in the jet axis and the
curve of the hy per bolic de crease of the
centreline ve loc ity (Uc). Fig ure 3 shows that the 
rel a tive tur bu lence in ten si ties for the jet in -

crease rap idly from the exit plane un til a dis tance of ten di am e ters then they in crease slowly
through a dis tance of about 25 di am e ters to tend to an as ymp totic value of 23%, which is in
agree ment with the re sults of Warda et al. [17].
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Ta ble 1. Op ti cal pa ram e ter of the PDA sys tem

                                                         Ax ial channel Ra dial chan nel

Trans mit ting op tics

Wave length of the la ser [nm] 514.5 488

Fo cal length of the front lens [mm] 500 500

Beam sep a ra tion [mm] 38 38

Beam di am e ter [mm] 2.2 2.2

Ex pander ratio 1 1

Fringe spac ing [mm] 21 21

Re ceiv ing op tics

Fo cal length of the lens [mm] 401.5

Col lec tion an gle [º] 28

Figure 2. Axial profiles of mean velocity and
turbulence intensity in the centre of the single
phase coaxial



In or der to ob tain a better def i ni tion and, pos si -
bly a deeper phys i cal un der stand ing of the flow
field of a co ax ial jet, not only the ra dial pro files of
the lon gi tu di nal mean ve loc i ties are need to be dis -
played but also the cor re spond ing pro files of tur -
bu lence in ten si ties should be con sid ered. Some of
the ra dial pro files of both mean ve loc ity and tur bu -
lence in ten sity that are mea sured at var i ous ax ial
sta tions are pre sented. Fig ure 4 pres ents the mean
lon gi tu di nal ve loc ity, while fig. 5 show the cor re -
spond ing pro files of the lon gi tu di nal tur bu lence
in ten sity for the same ax ial sta tions. 

Fig ure 6 shows the rel a tive in ten si ties u’/Uc for
the jet, at var i ous ax ial dis tance to the noz zle (x/D =
= 10, 20, and 30), its on com par i son with the re sults
of Prevost et al. 27% (with out co-flow) [9]. These
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Figure 4. Radial profiles of mean velocity of single-phase jet in the section: x/D = 0.5, 
x/D = 5, x/D = 10, x/d = 20, and x/D = 30

Figure 3. Axial profiles of the relative
turbulence intensity in the centre of the single 
phase coaxial jet

Figure 5. Radial profiles of turbulence intensity of single-phase jet in the section:
x/D = 0.5, x/D = 5, x/D = 10, x/D = 20, and x/D = 30



ex per i men tal re sults in di cate a sig nif i cant in flu ence of the co-flow on the struc ture tur bu lent jet.
Here the tur bu lence in ten sity is re duced com pared to the jet with out co-flow.

Two-phase flow

Fig ure 7 shows the ax ial pro files of the mean ve loc ity for dis persed par ti cle, the mea -
sure ment mean ve loc ity of the jet sin gle-phase jet com pared to the two-phase jet. The ve loc ity
pro files are nor mal ized by the mean ve loc ity in the cen tre of the noz zle exit (U0 = 31.9 m/s).We
can ob serve a no tice able rel a tive ve loc ity be tween the gas phase and the dis persed phase at the
exit. This phe nom e non was al ready ob served be fore by Hardalupas et al. [14]. It is due to the
flow-par ti cle in ter ac tion in the tube and to the pres ence of re bounds of par ti cles along the wall of 
the tube [14]. Pla nar visu ali sa tions at the exit of
the tube by a thin la ser sheet have sup ported this 
hy poth e sis. Due to this rel a tive mo tion near the
exit, the par ti cles are ac cel er ated by the gas
along the seven first di am e ters un til they reach
the mean gas ve loc ity. 

Fig ure 8 shows the ra dial pro file of the mean 
ax ial ve loc ity, nor mal ised with the sin gle-phase 
gas ve loc ity in the cen tre of the noz zle exit, of
sin gle-phase jet com pared to the two-phase jet
at the x/D = 0.5. A typ i cal ve loc ity pro file is ob -
served, ve loc ity reaches its max i mum at the
cen tre of the flow (r = 0) and is re duced near the
wall (r = 0.5D). In the two-phase jet the mean
ax ial ve loc ity pro file of the con tin u ous phase is
nearly the same as the sin gle-phase jet’s pro file.
The in suf fi cient ac cel er a tion length of the tube
and the col li sions at the tube wall en tail that the
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Figure 6. Radial profiles of the relative
turbulence intensity of the single phase coaxial
jet

Figure 7. Axial profiles of mean velocity in the
centre of the single and two phase jet

Figure 8. Radial profiles of the axial mean
velocity of single and two-phase jet at x/D = 0.5



dis persed phase ve loc ity is al most steady at a value 0.75 of the gas ve loc ity in the cen tre of the
pro file. There fore, the par ti cle ve loc ity is lower com pared to the con tin u ous phase ve loc ity in
the cen tre of the flow, but higher than the con tin u ous phase ve loc ity in the wall re gion. 

Fig ure 9 shows the mean ax ial ve loc ity, nor mal ised with the sin gle-phase gas ve loc ity
in the cen tre of the noz zle exit, of sin gle-phase jet com pared to the two-phase jet for ra dial pro -
files at var i ous ax ial dis tances (x/D = 5, 10, and 20). The gas ve loc i ties show typ i cal jet flow pro -
files. In the shear area of the two-phase flow, par ti cle ve loc i ties are higher than the gas ve loc ity
be cause of the mass in er tia of the par ti cles. Due to mo men tum trans fer from the par ti cles to the
fluid in the shear area, the ve loc ity of the gas phase is higher at x/D = 10, which re sults in a lower
spread ing rate and higher gas ve loc i ties in the whole pro file of two-phase jet in com par i son to
sin gle-phase jet. At larger dis tances to the noz zle (x/D = 20) the mean ve loc ity in the two-phase
is higher than the sin gle-phase jet ow ing to the pres ence of par ti cles. 

Fig ure 10 shows the tur bu lence in ten sity for the sin gle-phase jet com pared to the
two-phase jet for ra dial pro files at var i ous dis tances (x/D = 5, 10, and 20). The pro files are nor -
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Fig ure 9. Ra dial pro files of the ax ial mean
ve loc ity of sin gle and two-phase jet in the
sec tion 
(a) x/D = 5, (b) x/D = 10, and (c) x/D = 20



mal ised by the sin gle-phase gas ve loc ity in the cen tre of the noz zle exit. In the two-phase jet the
tur bu lence in ten si ties are re duced in com par i son to the sin gle-phase jet and the dif fer ences of
tur bu lence in ten si ties be comes more im por tant for in creas ing ax ial po si tions.

Con clu sions 

An ex per i men tal study of the ef fect of solid par ti cles on the flow char ac ter is tics of
axisymmetric tur bu lent co ax ial jet were pre sented in this pa per. Mea sure ments were ob tained
by us ing a PDA al low ing size and ve loc ity mea sure ments. In this two-phase flow an ex per i men -
tal re sults are pre sented which in di cate a sig nif i cant in flu ence of the solid par ti cles on the flow
char ac ter is tics. The height of in flu ence of these ef fects de pends on the lo cal po si tion in the jet.
Near the noz zle exit high gas ve loc ity gra di ents ex ist and there fore high tur bu lence pro duc tion
in the shear layer of the jet is ob served. Here the tur bu lence in ten sity in the two-phase jet is de -
creased com pared to the sin gle-phase jet. In the de vel oped zone the ve loc ity gra di ent in the
shear layer is lower and the tur bu lence in ten sity re duc tion is higher.
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Figure 10. Radial profiles of turbulence
intensity of single and two-phase jet in the
section
(a) x/D = 5, (b) x/D = 10, and (c) x/D = 20
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No men cla ture

D –  centre jet diameter, [mm]
Da –  annular jet diameter, [mm]
dp –  particle diameter, [µm]
U –  mean velocity, [ms–1]
u’ –  fluctuation velocity, [ms–1]
x –  axial distance 
r  –  radial distance
Re –  Reynolds number (=rUD/m), [–]
St –  Stokes number (=tp/t), [–]

Greek let ters

m –  dynamic viscosity, [kgm–1s–1]

r –  gas density [kgm–3]
rp –  particle density, [kgm–3])
t –  fluid response time, [s]
tp –  particle response time, [s]
F –  particle-loading ratio

Sub scripts

a –  anular jet
c –  axis of central jet
p –  particle
0 –  central jet
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