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Abstract—The paper presents the internal energy budget in the initial region of the slightly heated free round
jet in the presence of column-mode coherent structures. The budget was obtained by the quantitative evaluation
of the shares of particular streams of internal energy transported in the flow-field considered. The input data
for calculations have been obtained by the hot-wire measurements of three components of instantaneous
velocity and instantaneous temperature. All the terms of the internal energy budget have been determined
experimentally except the pressure-velocity term which was treated as a closing quantity. The results of the
study suggest, that the internal energy of the flow is determined by the mutual balance of convection realized
by the mean, oscillatory and random components of motion accompanied by the work of pressure—velocity
correlations. It appears furthermore, that the heat transfer in the initial jet area is realized mainly by random
fluctuations of proper turbulence motion, generated, however, in substantial part by coherent structures existing
in the flow-field considered. © 1997 Elsevier Science Ltd.

1. INTRODUCTION

The problem formulated in this paper concerns the
qualitative description of the interaction between the
coherent structures and the turbulent fields of velocity
and temperature. The numerical modelling of tur-
bulent flow-fields which is nowadays a basic tool for
engineering calculations requires a quantitative
knowledge of particular fluxes of energy and heat,
which are transported by turbulent and organized
motion. Such a research, which should form a basis
for further improvement of turbulence models, has
been earlier undertaken at the Institute of Thermal
Machinery in the domain of analysis of turbulence
kinetic energy budgst [1]. The bibliography available
contains the studies of heat transfer processes in the
classical fully-developed flows [2-4], but till now no
information concerning the heat transport properties
in the presence of organized motion has been found.
This research was, therefore, performed in order to
fill this gap and it was intended to obtain a description
of the internal energy transport realized by the mean
motion. This internal energy budget may be treated
as a quantitative evaluation of the shares of particular
streams of internal energy transported in the flow-
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field considered. The balance of internal energy is
coupled to the kinetic energy transport equation by
the dissipation term, which may be regarded as a heat
source distributed throughout the fiow. That is why it
has been decided to choose the free, round jet as a
sample object of study, because the earlier results con-
cerning the kinetic energy budget [1] could be used as
a starting point and a reference level.

2. FORMULATION OF MEAN INTERNAL
ENERGY BALANCE EQUATION

The comprehensive analysis of the energy transfer
properties of turbulent flow requires the knowledge of
the behaviour of the so called total energy E,.,, which
is a sum of both the kinetic (or mechanical) energy
E,, and the internal energy (neglecting the potential
energy), i.e.:

E = En+ Eine. ey
In the case of the real fluid, kinetic energy is inter-
related to the internal one by both the dissipation and
the compressibility effects. As it is well known [5], it
is possible to derive the separate balance equations
for both the total and kinetic energies, which then
may be used to determine the internal energy balance



636 S. DROBNIAK et al.

NOMENCLATURE
AME  advection of mean internal Uu velocity
energy x,r, ¢ cylindrical coordinate system
Cvr Cp specific heat capacity of air at o thermal diffusivity
constant volume and constant £ dissipation of turbulence kinetic
pressure, respectively energy
CFE coherent flux of internal energy 0,v temperature
D exit nozzle diameter A wavelength of coherent structure
DEK  dissipation of kinetic energy ! dynamic viscosity
DHC  diffusion of heat by conduction p density
E.. Cie  specific internal energy v kinetic viscosity
En specific kinetic energy O) time-mean average
E. specific total energy ") oscillatory component
P,p pressure ) random component.
PVC work done by pressure—velocity
correlations Subscripts
Rep Reynolds number based on the exit o nozzle outlet
nozzle diameter r radial direction
Sty Strouhal number x axial direction
TFE turbulent flux of internal energy ¢ circumferential direction.

equation and this way has been chosen to be followed
in this analysis.

Each of the physical flow-field quantities was
treated as a superposition of mean (), periodic (™)
and random () components, i.e. :

U =U+d+u
p=p+p+p
0=0+7+v @

where i = x, r, ¢ stands for the axisymmetric coor-
dinates applied. If one assumes the relatively small
velocity range, as well as the moderate overheat of the
jet, then it will be possible to consider the flow as
incompressible with the constant physical properties,
such as viscosity v, thermal diffusivity «, etc.

Subtracting the kinetic energy equation from the
total energy one, then neglecting the internal volu-
metric heating and assuming the air to be a perfect
gas, the resultant transport equation of the internal
energy may be written as:
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where cy, ¢p denote the specific heat capacity at con-
stant volume and pressure, respectively, and the vis-
cous dissipation term expressed as:

U 2
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Following the relation (2) the instantaneous value

of internal energy may be expressed with the use of
triple decomposition concept as:

En! = Ent +&nt+ ei/nt (5)

where only the internal energy of the mean motion
will be of interest in this paper, because the time-
mean values of oscillatory and random components
of internal energy equal zero, i.e.:

€int = ?int = 0

Bearing in mind the above statement, the time-aver-
aging of equation (3) was applied, which for the case
of axisymmetric jet (8/0¢ = 0) gave finally the fol-
lowing form of the transport equation of the internal
energy of the mean motion :
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Taking into account the structure of the above
equation, its particular terms were interpreted as fol-
lows (the abbreviations given in brackets) :

(1) advection of mean internal energy (AME);

(2) coherent flux of internal energy (CFE);

(3) turbulent flux of internal energy (TFE);

(4) diffusion of heat by conduction (DHC);

(5) dissipation of kinetic energy (DEK);

(6) work done by pressure-velocity correlations term
(PVC).

3. EXPERIMENTAL CONDITIONS

The object of the research was the non-isothermal
round jet issuing from the contoured nozzle of
D =0.04 [m] at the constant exit velocity cor-
responding to the

Re =4-10%.

The overheat of the flowing medium (i.e. the difference
between the ambient 8, and exit air temperature 8,)
was kept at the constant level

Af = 40[°C]

i.e. the experiment was confined to ‘weakly-non-
isothermal’ range because of the requirements result-
ing from the hot-wire technique.

The free, round jet reveals a multi-modality of the
coherent motion [6, 7] and that is why the flow had
to be externally stimulated with the harmonic acoustic
wave of the frequency f given by the Strouhal number

D
St =—— = 0.42,
St U 0

[

The above value corresponds the so-called ‘column-
mode’, which on one hand is characterized by the
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largest amplitudes attained and on the other by the
absence of pairing, which could disturb the mech-
anism analyzed. The acoustic jet stabilization can-
celled the random dispersion of size and shedding
frequency of coherent vortices and furthermore
enabled one to use the acoustic pressure as a reference
signal in phase-averaging procedure.

In the course of experiment the three components
of instantaneous velocity together with the instan-
taneous temperature have been recorded with the use
of a combined, four-wire sensor, shown schematically
in Fig. 1. The triple-wire gold-plated DANTEC 55P91
probe used for velocity measurements was composed
of 5 um sensing elements with active length equal to
1.2 mm, while the DANTEC P31 temperature probe
utilized a 1 um wire of 0.6 mm length. The measuring
volume occupied by the wires could be approximated
by the sphere with 2 mm diameter, while the proper
distances among the particular wires allowed to avoid
their thermal and aerodynamic interference. The sig-
nals from hot-wire bridges were digitized together
with the acoustic pressure signal and then processed
numerically with the use of time and phase-averaging
[8] in order to split the signal according to the triple
decomposition [see equation (2)] idea. The location
of the above cross-sections is indicated at the plot of

periodical component of temperature variance ¥ (Fig.
2), measured along the centerline of the mixing layer.
The #* might be regarded as an overall measure of
the intensity of mixing processes realized by coherent
vortex and because of its relation to the spatial coher-
ence of the structure analyzed it was used to localize
the measuring cross-sections. As can be seen in Fig.
2, the three test cross-sections selected for the analysis
were located in the areas characterized by the growth
(x/D =1.5), the maximum spatial coherence
(x/D = 2.5) and the decay (x/D = 4) of the column-
mode vortices. The above main cross-sections were
accompanied by auxiliary measuring planes, which
were needed to calculate the gradients of particular
quantities in transport equation analyzed. The Ax
distance was selected as Ax/4,=0.08 (..
Ax/D = 0.125), because the results of preliminary
measurements [9, 10] as well as literature data [11, 12]
have shown that this value was on one hand
sufficiently small in comparison with the wavelength
A, of the column-mode structures and on the other it
was large enough to obtain accurate estimation of the
particular gradients in equation (6).

4. ANALYSIS OF PARTICULAR TERMS OF
INTERNAL ENERGY BUDGET

The instantaneous temperature and velocity time-
series recorded during the measurements after proper
processing [8, 13] allowed to calculate the values of
first four terms of equation (6) in all the measuring
peints. The dissipation of kinetic energy of turbulence
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Fig. 1. The sketch of hot-wire probe and apparatus (a) ; and the coordinate system applied (b).
6.006 [/5-4:0 tion of mean internal energy) has been presented at
=3 i : Fig. 3 as the total value (AME X&R), as well as
L ; ; the axial (AME x=cU, 00/6x) and radial
46, f | (AME_R = ¢, U, 88/8x) components. As it comes out
0.004 ] ! from the above data the radial advection (AME_R)
! l which increases the energy level throughout the con-
' | trol volume plays a minor role in transport processes
|
0.002 i considered. The dominant part of internal energy
! | advection realized by the mean motion is performed
i i in the axial direction and the contribution of the
0.000 ; (AME _X) term to the energy balance depends stron-

t
0 1 2 3 4 5 x/D 6

Fig. 2. The distribution of periodical component of tem-
perature variance measured along the centerline of the mix-
ing layer (r/D = 0.5).

[term 5 of equation (6)] was taken from [1], while the
work done by pressure—velocity correlations (term 6)
has been calculated as a closing quantity of the
internal energy transport equation.

The radial distributions of term 1, i.e. the advection
of internal energy by the mean motion (AME—advec-

gly on the radial coordinate. As it results from the
analysis of equation (6) the behaviour of advection
term is determined mainly by the longitudinal mean-
temperature gradient #8/0x, and the above quantity
has been calculated from mean-temperature profiles
measured at the main control planes as well as at the
auxiliary ones [13]. One may easily notice the evident
similarity of radial distributions of longitudinal advec-
tion (AME X—Fig. 3) at all the cross-sections con-
sidered, which reveal the three distinctly different
areas located along the radial coordinate. The first
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Fig. 3. Radial distributions of axial radial and total advection of mean internal energy (AME) at the cross-
section: (a) x/D = 1.5; (b) x/D =2.5; (c) x/D = 4.

zone characterized by the constant value of mean tem-
perature 8 inside the potential core, reveals zero value
of axial and radial convection, and the radial extent
of this area diminishes in consecutive cross-sections.
The intense spreading of temperature wake and the
resulting negative mean-temperature gradient 66/0x
create the next area located between the border of
potential core and the radial coordinate »/D = 0.5,
where advection gives the energy gain inside the con-
trol volume The third zone located at the area
r/D >0.5 is characterized by the positive value of
00/6x and, as a consequence, by the loss of internal
energy caused by the action of longitudinal advection.
The dominant role of the term (AME _X) leads to
the fact, that the total advection of internal energy
(AME_X&R) reveals the same characteristic behav-
iour in all the control-planes analyzed. One should
notice, however, that in the last cross-section
(x/D = 4) the total advection reaches the zero level at
much smaller radial distance than its axial component
because in the outer jet region of this plane the terms
(AME X) and (AME_R) bring the opposite con-
tributions into the internal energy budget.

The second term of equation (6) is the coherent flux
of internal energy (CFE) which may be understood as
an internal energy stream transported by the coherent
motion or as a ‘ccherent advection’. The radial dis-
tributions of the total coherent energy flux
(CFE_X&R), as well as, of its axial (CFE_X) and
radial (CFE_R) components presented at Fig. 4 reveal
quite a different behaviour in comparison with the
advection realized by the mean motion. First of all,
the radial transport performed by CFE_R term plays
a dominant role while the values of axial advection
term (CFE_X) oscillate around zero in all the cross-
sections considered. The second important difference
is the opposite contribution brought by the (CFE)
term into the internal energy budget in comparison

with the (AME) flux. As can be seen at Fig. 4, the
coherent advection extracts the energy in the inner jet
area and brings about the energy gain in the zone
determined by the r/d > 0.5 radial coordinate. One
should notice, however, that when the point of obser-
vation is being moved downstream the area of positive
(CFE) values evidently prevail over the negative ones
[see Figs 4(a—c)].

This tendency may be most clearly observed in
x/D = 4 cross-section [Fig. 4(c)] where the intense
action of viscous forces in the outer jet region cancels
the periodic motion and diminishes evidently the
negative internal energy flux transported by coherent
structures. The more favourable conditions of phase
coherence characteristic for the inner jet region
increase the positive (CFE) flux and the highest values
of both gain and loss of internal energy are enco-
untered in the x/D = 2.5 cross-section characterized
by the highest share of organized motion in the overall
kinetic energy of velocity fluctuations. One should
also notice that the radial advection performed by
oscillatory motion is intense enough to be noticed
even in the area of potential core, where the internal
energy advection realized by the mean motion was not
traceable [comp. Figs. 3(c) and 4(c).

A similar behaviour (see Fig. 5) is revealed by the
term 3 denoted here as TFE (turbulent flux of internal
energy) which can be identified with the heat advec-
tion performed by turbulent (random) motion. Fol-
lowing the previous analyses, the total heat fiux trans-
ported by turbulent motion (TFE_X&R), as well as,
its axial (TFE_X) and radial (TFE_R) components
have been presented at Fig. 5. One may observe the
dominance of radial component (TFE_R) of tur-
bulent advection, which extracts the internal energy
in the inner jet region and leads to the energy gain in
the outer flow area. It should be noticed however, that
the increase of internal energy level is less visible when
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Fig. 4. Radial distributions of axial, radial and total coherent fluxes of internal energy (CFE) at the cross-
sections: (a) x/D = 1.5; (b) x/D =2.5; (¢) x/D = 4.
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Fig. 5. Radial distributions of axial, radial and total turbulent fluxes of internal energy (TFE) at the cross-
sections: (a) x/D = 1.5; (b) x/D = 2.5; (c) x/D = 4.

the structures gradually lose their spatial coherence in
the outer jet boundary, due to the action of viscous
forces [see Figs. 5(a~c)]. The maximum amplitudes of
positive turbulent advection inside the jet are always
bigger than the ones revealed by (CFE) term, that
suggests the indirect role of coherent structures in heat
transfer processes i.e. the above processes seem to
be realized in greater extent by random turbulence
generated due to the action of coherent motion. A
similar observation concerns the inner region of the
x/D = 2.5 plane where the maximum coherence of
organized motion is accompanied by the minimum
intensity of random advection of internal energy [see
Fig. 5(b)]. One may notice therefore, that the growth
[x/D = 1.5—Fig. 5(a)] and decay [x/D =4—Fig.
5(c)] of coherent structures create the more favourable

conditions for random turbulence generation than the
ones existing in the region of maximum spatial coher-
ence of coherent vortex [x/D = 2.5—Fig. 5(b)].

The next two pictures present the radial dis-
tributions of internal energy transported by con-
duction (Fig. 6—term 4—designed as DHC—
diffusion of heat by conduction), as well as, the dis-
sipation term (Fig. 7—term 5—marked as DKE—
dissipation of kinetic energy). The dissipation
increases of course the energy contents of the control
volume, while the DHC term leads to the loss of
internal energy in the prevailing part of each cross-
section considered. It should be noticed, however, that
both these heat fluxes are in general three orders of
magnitude smaller than the terms discussed previously
and that is why their role in the energy budget is
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Fig. 7. Radial distributions of viscous dissipation of kinetic energy (DKE) at the cross-sections: (a)

x/D = 1.5;(b) x/D =

negligible. Furthermore, the low values of the DHC
term and the computational errors lead to the sub-
stantial scatter of data most clearly visible around the
r/D = 0.5 coordinate in the x/D = 1.5 cross-section
[see Fig. 6(a)].

Term ‘6’ of equation (6) containing the pressure—~
velocity correlations could not be determined exper-
imentally and has been regarded as a closing quantity
in the internal energy balance. It plays, therefore, an
exceptional role in the present analysis, because one
may expect that its physically justified distributions
may be treated as a verification of the correct deter~
mination of the remaining terms. The additional rea-
son that makes the analysis of this term so essential is
the important role of pressure—velocity correlations in
transport processes realized by turbulent flows. In the

2.5;(c) x/D = 4.0.

small-scale random turbulence, the above correlations
are responsible for the kinetic energy redistribution
among the particular flow-field directions and for the
resulting tendency towards isotropy [2]. In the case of
the turbulent flow field which is characterized by the
presence of the organized motion the role of the above
correlations is still unexplained despite the fact that
this problem was a matter of intense theoretical and
numerical research [14].

The radial distributions of work done by pressure
velocity correlations (PVC) have been presented at
Fig. 8 for the consecutive cross-sections. As can be
seen at Figs. 8(a,b), inside the potential core the PVC
term equals zero, while in the area neighbouring to
the core it reveals the negative sign, i.e. represents the
energy gain. One may expect therefore that in the
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Fig. 8. Radial distributions of work done by pressure-velocity correlations (PVC) at the cross-sections :
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inner jet region the positive velocity fluctuations are
accompanied by negative pressure oscillations and
vice-versa. Furthermore, one may notice at Fig. 8 the
rapid change of PVCsign in the central jet area, caused
probably by the vorticity dominance which results in
turn in the appearance of additional inertia forces
disturbing the pressure field. The amplitude of positive
PVC which is well correlated with the maximum
values of vorticity in particular cross-sections [13] as
well as the gradual shift of positive PVC peak towards
the inner part of the jet where the vortices preserve
their coherence, may be treated as an additional con-
firmation of the above statement. The radial dis-
tributions of PVC term presented at Fig. § reveal the
quantitative and qualitative agreement with the data
from [1, 14] that allows to presume that the particular
terms of the internal energy budget have been cal-

culated correctly. Furthermore, the substantial values
of the work performed by pressure-velocity cor-
relations (comparable with terms 1-3) suggest the
important role of PVC term in heat transport pro-
cesses taking place in the flow-field considered.

5. CONCLUDING REMARKS

The summary of the above considerations may be
found at Fig. 9, presenting the radial distributions of
all the particular terms of the budget of the internal
energy transported by the mean flow. According to
previous statements, the results obtained at Fig. 9
reveal the negligible role of both the terms 4 (heat
flux transported by conduction) and 5 (dissipation of
kinetic energy) in transport processes considered. The
influence of potential core may be observed only in
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Fig. 9. Budget of the internal energy of the mean-motion at the cross-sections : (a) x/D = 1.5; (b) x/D = 2.5;
(c) x/D =25.
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two cross-sections closest to the jet exit [Figs. 9(a,b)]
while in the x/D = 4 plane [Fig. 9(c)] the intense trans-
port processes take place even at the jet axis. Outside
the potential core the three distinct zones char-
acterized by different behaviour of energy transfer
processes may be observed. In the area adjacent either
to the potential core (see measuring planes x/D = 1.5
and 2.5) or to the jet axis (cross-section x/D = 4)
where the zero value of longitudinal temperature
gradient £0/0x exists, the internal energy transport is
realized mainly by the random fluctuations of proper
turbulent motion (term 3) as well by the term 6 (work
done by pressure-velocity correlations) where the lat-
ter one represents the energy gain. The next zone,
which spreads radially up to the distance r/D = 0.5 is
in turn dominated by convection of the mean motion,
which increases the energy level of the control volume,
due to the gradual cooling of the medium (negative
value of AME at r/D =~ 0.5). The above internal
energy stream is counterbalanced in this area by as
many as three energy fluxes, i.e. convection realized
by oscillatory (terra 2) and random (term 3) motion,
as well as, by the work performed by pressure-velocity
correlations (term 6).

The outer zone of the jet (r/D > 0.5) is in turn
characterized by the positive sign of 8/0x [10] and
the resulting loss of energy due to the convection of
the mean motion is counterbalanced mainly by the
work of pressure-velocity correlations. The loss of
spatial coherence characteristic for the outer jet
boundary results in the diminishing role of convection
processes realized both by oscillatory (term 2) and
random motion (term 3) in this area.

Summing up the above observations, one may con-
clude that the internal energy budget results from the
mutual balance of convection realized by the mean
(term 1), oscillatory (term 2) and random (term 3)
components of motion accompanied by the work of
pressure-velocity correlations (term 6). The remain-
ing parts of internal energy balance, i.e. heat con-
duction (term 4) and dissipation play a minor role in
transport processes considered. It should be noticed,
however, that the coherent heat flux is comparable
with the random one only in the zone of maximum
spatial coherence of the organized motion (x/d = 2.5).

The dominance of the internal energy stream trans-
ported by random turbulence observed in the pre-
vailing area of the jet confirms the earlier conclusions
concerning the indirect role of coherent structures in

heat transfer processes. One may conclude therefore,
that the heat transfer in the initial jet area is realized
mainly by random fluctuations of proper turbulence
motion, generated however in a substantial part, by
the coherent structures existing in the flow field con-
sidered.

Acknowledgements—The work has been funded by the Polish
State Committee for Scientific Research (KBN) under the
grant 7 TO7C 05008.

REFERENCES

1. Elsner, J. W., Drobniak, S. and Klajny, R., Turbulence
energy transport in the Presence of organized vorticity.
In Advances in Turbulence, V.1.S. Kluwer, Amsterdam,
1995.

2. Antonia, R. A. and Browne, L. W., The destruction of
temperature fluctuations in a turbulent plane jet. J F. M.,
1983. 134.

3. Antonia, R. A., Browne, L. W., Chambers, A. J. and
Rajagopalon S. R., Budget of the temperature variance
in a turbulent plane jet. International Journal of Heat
and Mass Transfer, 1983, 26.

4. Elsner, J. W. and Kurzak, L., Characteristics of tur-
bulent flow in slightly heated free swirling jets. J.F.M.,
1987, 80.

5. Hinze, J. O., Turbulence. Mc.Graw-Hill, New York,
1975.

6. Drobniak, S. and Elsner, J. W., Coherent structures and
their relation to Instability Processes in a round, free jet.
In Advances in Turbulence. Springer, Berlin, 1986.

7. Wygnanski, I. I. and Peterson, R. A., Coherent motion
in excited free shear flows. AI4A4 Journal, 1987, 25 (2).

8. Elsner, J. W., Drobniak, S., Klajny R. and Zielinski, J.,
Computer aided method for solving instantaneous hot-
wire response equations in a plane non-isothermal flows.
Archives of Thermodynamics, 1987, 8 (4).

9. Elsner, J. W, Klajny, R. and Drobniak, S., Contribution
of coherent structures to heat and mass transport in the
round, free jet. Proceedings of the V Symposium of Heat
and Mass Transfer, Bialowieza, Poland, 1992.

10. Elsner, J. W. and Drobniak, S., Transport processes
realized by organized vortex structures. Proceedings X1
National Conference on Fluid Mechanics, Warsaw,
Poland, 1994.

11. Favre-Marinet, M., Coherent structures in a round jet.
Proceedings of the von Karman Institute for Fluid Dynam-
ics, Lecture Series, 1989, Vol. 3.

12. Favre-Marinet, M., Structure coherentes dans un jet
ronde excite. These Doct. Sc., USTMG et INPG, Greno-
ble, 1986.

13. El-Sayed Abou-El-Kassem, An analysis of heat transfer
processes in the coherence region of a round free jet.
Ph.D. thesis, Technical University of Czestochowa,
1995.

14. Chang, P., Adrian, R. J. and Jones, B.G., Fluctuating
pressure and velocity fields in the near fields of a round
jet. Report no 475, University of Illinois, Urbana, 1985.



