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Abstract--This paper is devoted to the analysis of the mass transfer properties in a grid generated turbulent 
flow. The closure of the transport equation of the turbulent mass flux has been experimentally investigated. 
Two combined optical non-intrusive methods, the laser-induced fluorescence and the laser Doppler vel- 
ocimetry have been used in order to measure simultaneously and instantaneously the concentration of a 
passive contaminant and the velocity of the flow. It has been demonstrated that the approximation 
production = pressure scrambling is valid over the major part of the flowfield. A model for the pressure 
scrambling term has been analysed in order to define a turbulent diffusivity concept. © 1998 Elsevier 

Science Ltd. All rights reserved. 

1. INTRODUCTION 

The analysis of the diffusion properties in a grid gen- 
erated turbulent flow is a basic experiment which is 
very helpful in the understanding of the turbulent 
mass transfer processes. In such a flow, the turbulent 
field is well characterized and the hypothesis of hom- 
ogeneity and quasi-isotropy can be made. The mean 
and fluctuating velocity and concentration field of 
tracers have been investigated by many authors (e.g. 
Nakamura et al. [1], Lemoine et al. [2], Gad-el-Hak 
and Morton [3], Burnage and Huilier [4], Simoens 
and Ayrault [5]). 

The mass transport equation, under turbulent con- 
ditions, requires a closure for the concentration-vel- 
ocity cross-correlation term, which is unknown. Gen- 
erally, a concept of turbulent diffusivity is used [6], 
which is usually defined analogously to the molecular 
diffusion theory. In a quasi-isotropic turbulent flow, 
the turbulent diffusivity is defined as a proportionality 
constant between the mass flux transferred by tur- 
bulence and the concentration gradient. However, the 
literature is very poor about reliable experimental 
demonstrations of this concept of turbulent diffu- 
sivity. Lemoine et aL [2] measured the radial turbulent 
mass flux and demonstrated that it was proportional 
to the radial concentration gradient, in a grid gen- 
erated turbulent flow. However, the complete under- 
standing of the turbulent diffusivity concept requires 
the analysis of the transport equation of the turbulent 
mass flux. A quite similar work has been performed 
by Everitt and Robins [7], for a turbulent plane jet. 
These authors have analysed the concept of turbulent 
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viscosity. All the terms of the shear stress transport 
equation have been investigated : the advection, pro- 
duction and diffusion terms are measured and the 
pressure-strain term is deduced through the global 
balance of the transport equation. The comparison 
between the orders of magnitude of these different 
terms yields a turbulent viscosity closure. 

The present paper provides an experimental inves- 
tigation of the advection, production and diffusion 
terms in the transport equation of the turbulent mass 
flux. The pressure scrambling term is derived from the 
global balance of the equation. A model is provided 
for the pressure scrambling term, as for the diffusion 
term. 2-D laser Doppler velocimetry and laser- 
induced fluorescence, applied to the concentration 
measurement [8], have been combined in order to 
measure simultaneously and instantaneously two vel- 
ocity components and the concentration. 

2. FLOWFIELD AND GENERAL CONCEPTS 

The flowfield consists in a homogeneous and quasi- 
isotropic turbulent flow, generated by means of a grid, 
in a square test channel. The characteristics of the test 
channel and of the grid are given in ref. [2]. The 
passive contaminant is injected in the centre of the 
test channel, at 260 mm downstream of the grid, by 
means of a round nozzle. The injection velocity is 
similar to the turbulent flow velocity, in order to avoid 
the shear effects. 

The concentration diffusion problem is axi-sym- 
metric, and the cylindrical coordinate system (r, 0, x) 
can be used adequately. The velocity components are 
denoted U, V, W, where U, Vand Ware, respectively, 
the longitudinal, radial and orthoradial components 

2287 



2288 F. LEMOINE et aL 

NOMENCLATURE 

C molecular concentration 
Cc centreline molecular concentration 
D t turbulent diffusivity 
k kinetic energy 
M grid mesh 
P pressure 
(r, 0, x) cylindrical coordinates 
ro concentration profile half width 

radius 
r~ cross-correlation profile half-width 

radius 
r.2~ U2C correlation profile half-width 

radius 
U~ velocity component in the ith 

direction 

U 
V 

streamwise velocity component 
radial velocity component. 

Greek symbols 
e kinetic energy dissipation rate 
v kinematic viscosity 
p density 
a molecular diffusivity. 

Symbols 
* normalized values 
x fluctuating part of X 
X instantaneous value of X 
X average value of X 
X = X +  x Reynolds decomposition. 

of the velocity. The Reynolds decomposition has been 
applied over each velocity components in order to 
determine the turbulent fluctuations. 

The equation governing the transport of a passive 
scalar (molecular concentration, C) under turbulent 
conditions can be written with the help of the bound- 
ary layer approximation [6]. 

- ~  1 8 - -  
u - -  = ( 1 )  aX r Or (rvc)" 

The cross-correlation between the concentration and 
radial velocity fluctuations vc, which is the radial mass 
flux transferred by turbulence, is unknown : a closure 
appears necessary. 

The transport equation of the turbulent mass flux 
can be written as [9] : 

at  +Us~Txj = -u ' u j - - - u i c - -  ax j  O x  s 

c ap aulujc a2c 82ui 
pdxi  8xj + o u i ~ + v c ~  (2) 8x) Ox) 

where v is the kinematic viscosity, a the molecular 
diffusivity. 

The flow is considered as statistically steady, and 
under strong turbulent conditions, the effects of the 
viscous dissipation and of the molecular diffusivity 
can be neglected. Furthermore, the turbulence is 
assumed to be statistically homogeneous, quasi-iso- 
tropic and the flowfield is uniform. Consequently, a 
few terms vanish in the transport equation : 

u~u s = 0 ; a ~  (~#J~ ~ = O; u~ujc = O. 
(icj) 

Equation (2) results into two equations, respectively, 
along the transverse axis [equation (3)] and the longi- 
tudinal axis [equation (4)] : 

~x - -  p Or Or Or (3) 

O~c c Op u~ zdC duroc 
c~x p Ox c~x ~x (4) 

Generally, the closure of equation (1) consists in the 
definition of a turbulent diffusivity ([1, 2]) : 

= - D , ~ -  r . (5) 

The validation of this hypothesis can be found by 
analysing the orders of magnitude of the terms in 
equation (3). 

The experimental technique, which has been fully 
developed in ref. [2], is able to provide the measure- 
ment of the advection term U(Ovc/Sx), the production 
term v2(~C/ar) and the turbulent diffusion term 
8vZc/Sr. The pressure scrambling term (c/p)(@/&) will 
be determined by considerations of the global balance 
of the equation (3). 

3. EXPERIMENTAL TECHNIQUE 

All the important details of the experimental 
measurement technique are given in ref. [2]. The nov- 
elty is the possibility to obtain simultaneously the 
two velocity components, which requires some minor 
changes in the optical device. 

The main component of the set-up is a 2-D laser- 
Doppler velocimeter (DANTEC). The passive con- 
taminant is a fluorescent tracer, highly diluted in 
water. The fluorescence of the tracer, here rhodamine 
B, is able to be induced by the laser radiations of 
the velocimeter (2 ~ 488 nm and 2 ~ 514.5 nm). The 
emitted fluorescence is proportional to the molecular 
tracer concentration ([8, 10]). The optical signal is 
collected by means of an optical device, and is sep- 
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Fig. 1. Experimental arrangement. 

arated and filtered subsequently. The optical signal 
contains : 

- - t h e  scattered light at 2 ,~ 488 nm (filtered by a 
dichroic blade), 

- - t he  scattered light in 2 g 514.5 nm (filtered by a 
dichroic blade), 

- - t h e  larger-bandwidth fluorescence of rhodamine B 
(filtered by a high-pass filter, cut-off 550 nm). 

The scattered light at 2 ,~ 488 nm a n d / l  ~ 514.5 nm 
are separately processed by means of photomultiplier 
tubes and frequency trackers. The fluorescence inten- 
sity is measured by means of a photomultiplier tube, 
which provides an analogical signal, proportional to 
the concentration. The analogical signals, relevant to 
the velocity components and concentration are pro- 
cessed and correlated by means of an acquisition 
device. 

4. EXPERIMENTAL CONDITIONS AND RESULTS 

4.1. Flow conditions 
The experimental flow conditions are similar to 

those described in ref. [2]. The only difference is that 
the mean flow velocity is lower (1.2 m s- l) .  The Rey- 
nolds number,  based on the mesh of the grid is 
ReM = 12 000. All the measurements have been per- 
formed in the range [x/M = 35; x /M = 52], which 
differs also from the measurement conditions of ref. 
[2]. The radial measurement window is limited to 16 
mm because of the size of the optical accesses (Fig. 
1). 

4.2. Turbulent fieM 
The turbulent  field is the result of  the turbulent  field 

generated by the grid and by the wake included by the 
injection nozzle. In the light of the measurements of 
the streamwise and transverse fluctuation rates, 
respectively, w / ~ / U  and V/~IU,  reported in Fig. 2, 
the turbulence can be considered as quasi-isotropic 
and homogeneous. The turbulence level is about  3%, 
where the grid turbulence is correctly established, and 
for x /M >>- 38, the wake of the injection nozzle has 
vanished. 

The decrease of the turbulent mean square fluc- 
tuations u 2 ~ v 2 is shown in Fig. 3, in the initial area 
35 ~< x /M <<. 52. This decrease follows a power law, 
usually met in grid generated turbulent  flows, com- 
parable to the results available in the literature [11] : 

u_ z ~ v~_ ~ 6.96 . (6) 

The kinetic energy dissipation rate e can be estimated, 
since the turbulence can be considered as quasi-iso- 
tropic : 

e = - 5 U--~-x ~ 46 (7) 

4.3. Concentration field and production term 
The mean concentrat ion field has been determined. 

Self-similar Gaussian profiles, comparable to those 
provided in ref. [2] have been found : 

-C = C¢(x)f(() where f(()  = e -1n2~2 (( >~ 0) (8) 
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Fig. 2. Distribution of the longitudinal and radial turbulence rate over a cross-section. 
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where Cc is the concentration on the centreline, 
= r/rc and r~ is the half-width radius of the mean 

concentration profile. 
The axial expansion of the concentration profiles 

downstream of the grid, reported in Fig. 4, is given by 
a square root law, as predicted by the theory [1] : 

= 3 .35 .10-  ~ t -0"105"  (9) 

Consequently, the production team (v2)(dC/dr) can 
be estimated. The radial concentration is determined 
by the simple derivation of equation (8) : 

= - 2  Co(x) In 20c(~). (10) 
or r~(x) 

The mean square fluctuations ~ are averaged over the 
cross section. Furthermore,  the law of decrease of v z 
downstream of the grid allows one to calculate the 
production term wherever in the flowfield. 

4.4. Correlation vc and advection term 
The cross correlation between the concentration 

and the radial velocity fluctuations have been inves- 
tigated downstream of the grid. The normalized vc 
profiles, reported in Fig. 5, look like anti-symmetric 
and self similar. The radial distance is reduced by the 
half-width radius, denoted by r~, defined in ref. [2], 
and the amplitude ~ by the maximum value (/)~)max' 
In the light of these investigations, the ve profiles are 
given by the following self-similar law : 

vc(r, x) r 
v~*(~') - = g(~'), where ~' = - - .  (11) 

(UC)max (X) 

The distribution of (VC)m,~ and r~ as a function of x, 
downstream of the grid, are reported in Fig. 6. 
Numerical fits of  (b-c)~x(X), r~(x) and g(~'), have been 
performed in order to calculate the advection term 
U(dvc/dx). 

4.5. Correlation ~cc and turbulent diffusion term 
The normalized v2c profiles, reported in Fig. 7, 

exhibit a general symmetric and self-similar trend. The 
normalization is the following : 

- - t he  radial distance is reduced by a half-width radius, 
denote by rv2~, defined by : 

v~c(r~) 1 
(12) 

v~Z~(r = 0) 2 

- - t he  amplitude is reduced by the centerline value v2c 
(r = 0). 

Consequently, the v2c correlation, with the help of the 
distribution of v2c (x, r = 0) and rW~(x), reported in 
Fig. 8, can be represented wherever in the flow, by : 

v~cc(r, x) r 
v-~e*(r/) - v-~c(r = 0, x) h(r/), where ~/= - - .  

(13) 

The determination of the radial gradient of the cor- 
relation v% yields the turbulent  diffusion term dvZc/dr. 

4.6. Balance and pressure scrambling term 
Most of the terms in the turbulent  flux transport  

equation [equation (3)] have been measured and are 
reported in Fig. 9 in normalized values, in the zone 
where the grid turbulence is well established. The 
pressure scrambling term (c/p)(ap/dr), also shown in 
Fig. 9, cannot  be measured directly. However, it can 
be deduced from the global balance of equation (3). 
In the light of these results, one can observe that the 
advection and diffusion terms present the same order 
of magnitude, but  are opposite. Consequently, the 
sum of the advection and diffusion terms is close to 
zero and vanishes from the equation (3), over the 
major part of  the cross-section (see Fig. 9). It demon- 
strates that the approximation production = pressure 
scrambling is valid over the majority of the flow, so 
as to write : 

c @ v~dC - -  (14) 
p dr dr " 

A model of the pressure scrambling term has been 
suggested by Launder [9]. Launder assumes, if the 
diffusion by pressure term -(1/p)d/dr(pc)  can be 
ignored, that : 



2292 F. LEMOINE et al. 

1 . 2 5  ~-~* 

0 . 7 5  ~o. +" L~ %, 
"e,° 

0.5 ~ K  ,, 0 
rn ~ x, , .  

0.25 " 
~t ~' = r / r ~  ~ ~ 

I I I I ~ r'l I I I 

+ a / ~  2 4 6 - 8 - ' - .  -6 -4 + -2 -0.2~x 

,. A 
N 

" ' ~  a~"A "+ ' -1  
+~ o a 

zx -1.25 

Fig. 5. Profiles of normalized radial turbulent flux over a cross-section. 

c{-c{-~}ma x (A.U.) 
0.07 

O 

0.06 \~ A . ~  

0.05 x ~  .a" 

0.04 , , ' ~ - '<  

0.03 ~/x/ '~  O" ,,9 

0.02 o . .  -o- 
0.01 

x/M 
0 I I I I 

30 35 40 45 50 

rcv (ram) 

3 

2.5 

2 

1.5 

1 

0.5 

55 

0 ('~-)max A r~c v 

Fig. 6. Evolution of (CV)m~x and r~r downstream of the grid. 

cOp p ~3c ~ - -  
p Or -- p Or -- Co, ~vc (15) 

where Col is a constant  which will be investigated. 
k is the turbulent  kinetic energy, which is given, for 

a quasi-isotropic turbulent  flowfield, by : 

k - ~ u -  3_--~- (16) 

e, the kinetic energy dissipation rate, can be evaluated 
[see equation (7)]. Consequently the equations (7), 
(15), (16) yield the constant  Cc~. In the light of Fig. 
10, Cc~ determined at x / M  = 52, appears not  being 
truly constant  over the entire cross-section. As an 
example, a 15% variation of C¢~ over the cross-section 
at x / M  = 52 is pointed out, and this variation reaches 
20% at the cross-section x / M  = 46. This fact is prob- 
ably due to the lack of accuracy in the determination 
of the pressure scrambling term which results from 
the difference of several terms. An average value of 

Ccl, between the centreline and the half-width radius re 
of the mean concentration profile has been considered. 
The variation of the average value of Co, downstream 
of the grid, C~ = 4.66 at x / M  = 46 and Cc~ = 4.56 at 
x / M  = 52, is not  significant. 

5. CONCEPT OF TURBULENT DIFFUSIVITY 

The combinat ion of equations (14) and (15) yields 
the relation : 

- _ ~ 0 ~ _ _  
Col ~vc ~ Or " (17) 

The equation (17) corresponds with the usual concept 
of turbulent diffusivity, denoted by D,, which is given 
by:  

F k  
- . ( 1 8 )  Dt Col 

Addi t ional ly ,  under quasi-isotropic turbulent 
conditions, v 2, and k, and e are constant  across the 
transverse direction of the flowfield. The turbulent 
diffusivity calculated at x / M  = 52 with the real local 
values of Cc~, reported Fig. 10 in parallel with Col is 
almost constant  over the major part of the cross- 
section. However, a strong increase can be observed 
in the edges, probably caused by the variation of Ccj 
in this zone. 

The turbulent diffusivity can be also determined 
directly by calculating - cv/(OC/Or), in order to evalu- 
ate the validity of the pressure scrambling model. 
Another  way to compare our  results is to calculate the 
turbulent diffusivity given by Taylor 's diffusion theory 
[6], using the concept of 'frozen turbulence'.  Accord- 
ing to this theory, the variation of the variance cr~ of 
the mean concentration profiles is given by ([1, 4]) : 

2Dr 
ac 2 = ~ - x .  (19) 
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Assuming that the mean concentration follows a self- 
2 similar Gaussian distribution, the variance ac can be 

related to the half  width radius rc by : 

2 In 2a 2. (20) r c 

Consequently, Taylor 's  turbulent diffusivity is given 
by:  

U dr~ 
Dt = 41n2 d--x-" (21) 

The different ways to calculate the turbulent diffu- 
sivity are reported in Fig. 11, for x / M  = 52. The tur- 
bulent diffusivity, determined from equation (18), 
using the averaged C~, and by -cv/(t3C/Or) are rela- 
tively close over the entire cross-section. However,  a 
significant difference with Taylor 's  turbulent diffu- 
sivity, amounting to 15%, can be observed. This 

difference can be probably attributed to the little ani- 
sotropy of  the turbulence in such a square test channel, 
and to the lack of  accuracy in the determination of  
the slope of  the variat ion of  r 2 as a function of  x. As 
shown in Fig. 12, Taylor 's  diffusivity and the turbulent 
diffusivity calculated by -cv/(OC/Or) becomes closer 
far downstream of  the grid, where the tendency 
towards isotropy increases. The turbulent diffusivity 
calculated by equation (18) remains quasi-constant. 
However,  the results for x / M  > 52 must be considered 
with care, since they are the result of  extrapolations. 

6. MODEL OF THE CORRELATION v2c 
A diffusion model  for the triple correlation v2c 

appears being reliable : 

Ovc 
= - D,t -&-r" (22) 

D,, can be interpreted as a turbulent diffusivity for the 
turbulent flux ve. 

Using the turbulent diffusivity concept, the 
expression of  the turbulent flux vc can be calculated, 
as shown in ref. [2] : 

V--C = H(x)~e -In2:2 (23) 

where 

r Udr~ Co(x) 
- -  and H(x) = 

( =  ro 2 dx re(x) 

The v=c expression can be derived from equations (22) 
and (23) : 

- -  dr~ C¢ (x)  l 
= -- DttU~x r2~x) ( -- 2 In 2~2)e -'"2¢2. (24) 

In order to compare with the experimental normalized 
v2c * profiles, a similar normalizat ion has been per- 
formed on the expression (24) : 
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v-~c* - - -  - ( 1 - 2 1 n  2(2)e - ' "~.  (25) 
v-r~(r = 0) 

The half-width radius r:-~ of  the v2c profiles, used in 
the definition of  the reduced coordina te  q, is deter- 
mined by : 

e- ' "2(r~ /rc )2(1-21n2r~  1 
re i = 2 '  (26) 

The last equa t ion  gives the only mathemat ica l ly  
acceptable solut ion r ~  ~ 0.53rc, which gives 
~/= 0.53(. The experimental  da ta  show tha t  r ~  cor- 
relates with  a b o u t  0A4rc, bu t  they are slightly scat- 
tered. The calculated v2c * profile is reported in Fig. 7 
in parallel wi th  the experimental  d a t a :  a relatively 
good agreement  between the calculated and  measured 
v2c profiles, over the major  par t  of  the flow is observed, 
which seems more  t han  an  acceptable val idat ion of  
the proposed  model.  

7. CONCLUSION 

This  paper  has  presented the s tudy of  the diffusion 
mechan ism in a turbulent  flowfield downs t ream of  a 
grid. The  concept  of  tu rbu len t  diffusivity has  been 
analysed. 

The measurement  technique based on  the combined  
2-D laser-Doppler  velocimetry and  the laser-induced 
fluorescence applied to the concent ra t ion  measure-  
ment  allowed to determine successfully the mult iple 
correlat ions of  the concent ra t ion  and  velocity fluc- 
tuat ions.  The  major  par t  of  the terms in the t r anspor t  
equa t ion  of  the radial  tu rbulen t  mass flux have been 
measured  in order  to determine their  order  of  mag- 
nitude. The  self-similarity of  these terms has  been 
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po in ted  out. I t  has  been shown tha t  advect ion and  
diffusion terms have the same order  of  magni tude,  
and  consequent ly  tha t  they counterba lance  each 
other.  One can  deduce, f rom the t r anspor t  equa t ion  
o f  the tu rbu len t  flux, tha t  the p roduc t ion  and  pressure 
scrambl ing terms are slightly equal. The  pressure 
scrambl ing te rm is usually associated with a tendency 
towards  isotropy and  has  been modelled as a relax- 
a t ion  term, As a consequence,  a cons tan t  tu rbulen t  
diffusivity has  been defined, given by 
D t =(v2/CcO(k/e), C~ is a cons tan t  which has  been 
determined experimental ly : Cc~ ~ 4.6. The  value of  
the tu rbu len t  diffusivity is abou t  1 .4 .10 - 4  m 2 s - t .  

I t  has been also shown tha t  the triple vZc can be 
reasonably  described by a tu rbu len t  diffusion model.  

Some fur ther  invest igat ion will concern  the esti- 
ma t ion  of  the validity of  the tu rbu len t  diffusivity con- 
cept  in shear flows, such as tu rbulen t  jets for instance. 
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