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STUDIES ON THE EXERGY LOSS STRUCTURE OF SOME 
FUNDAMENTAL TURBULENT FLOWS 

Dorin STANCIU1, Alexandru DOBROVICESCU2,  
Camelia PETRE3, Horatiu POP4 

Creşterea eficienţei exergetice a proceselor termice este întotdeauna strâns 
legată de reducerea ireversibilităţilor. Adeseori procesele termodinamice sunt 
realizate de curgeri turbulente complexe, a căror configuraţie este formată din unul 
sau mai multe straturi limită, jeturi libere sau însoţite, dâre, zone de recirculare, 
etc. Obiectivul acestei lucrări este acela de a evidenţia structura pierderilor 
exergetice pentru astfel de curgeri elementare. Utilizând abordarea intrinsecă a 
metodei exergetice, a rezultat că disipaţiile turbulente au un rol esenţial în structura 
pierderilor de exergie în statul limită turbulent şi sunt aproape în totalitate 
responsabile pentru distrugerea exergiei in jeturi şi dârele turbulente. Aceste 
rezultate pot fi utile în efortul de îmbunătăţire a eficienţei exergetice a proceselor 
termodinamice. 

The improvement in exergy efficiency of thermal processes is always linked 
with the irreversibility reduction. Very often, the thermal processes are performed 
by complex turbulent flows, whose configuration contains boundary and mixing 
layers, wakes, recirculation zones, etc. The goal of this paper is to investigate the 
structure of exergy destruction for these types of fundamental turbulent flows. Using 
the intrinsic approach of exergy analysis we found that the turbulent dissipations 
play an essential role in the exergy lost structure of wall attached layers and they 
are almost totally responsible for the exergy destruction in the free shear flows. 
These results could help in the future for improving the exergy efficiency of thermal 
processes by operating regimes and geometrical shape modifications.    
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1. Introduction 

The second law and the exergy analysis become the most currently used 
methods to evaluate thermal processes efficiency. Often, they are combined with 
the thermo-economic analysis that balance the investment needed to achieve 
thermodynamic efficiency increase and its effects on the economic revenue.  
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Basically, these methods cannot be separated because all of them involve 
in an explicit or implicit manner the Gouy- Stodola theorem.  

The second law or the exergy analysis could be achieved at bulk or at 
intrinsic (local) level. Relying on the first and second law statement of 
phenomenological thermodynamics, the bulk level is widely used and, lately, it 
became a customary part of modern thermodynamic textbooks. The bulk level has 
many advantages. Among them, the most important are the simplicity, flexibility 
and the capability to be linked to the mathematical or numerical minimization 
procedures. The intrinsic approach is trickier since it imposes the use of Navier-
Stokes system of equations, which describes, at the continuum level, the velocity 
and temperature fields. Instead of solving the continuum level extended forms of 
entropy or exergy equations, these fields are used to directly compute the 
volumetric rate of entropy generation. By integrating it over the entire flow 
domain, the overall rate of entropy creation or the overall rate of exergy 
destruction can be computed. Obviously, this level is more laborious, but it has 
the great advantage that it reveals the irreversibility by its true mechanism of 
creation. 

Reviewing the state of art of thermodynamic analysis methods, Lior [1] 
emphasized the necessity of intrinsic approach and established its objectives: (1) 
identification of the specific phenomena/processes that have large exergy losses or 
irreversibilities, (2) understanding why these losses occur, (3) evaluation of how 
they depend on any changes in the process parameters and configuration, and (4) 
as a consequence of all these, suggestions on how the process could be improved. 

In the frame of Lior’s statements, the first and second steps were reached. 
So, for laminar mono-component flows, the volumetric irreversibility is created 
by viscous and thermal mechanisms [2]-[4]. Although these mechanisms act in 
turbulent flows too, the turbulence phenomena bring new irreversibility 
components since the fluctuations generated at the highest turbulence scales are 
finally dissipated at the smallest ones (Taylor micro-scale) by the fluid 
diffusivities (kinematic viscosity and thermal diffusivity) [5]. But the third step is 
still in progress.  

Generally, within a complex turbulent flow, some fundamental kind of 
flows, like boundary layers, mixing jets, wakes and recirculation regions appear 
together. Each of them has its role in performing the flow task, but it may also 
have its proper structure of exergy destruction. Therefore, the goal of this paper is 
to analyze the peculiarities of the exergy destruction structure of some wall 
bounded and free shear flows, which commonly appear in the complex processes 
of open thermodynamic systems.  

For the sake of clarity, first we will briefly present the bulk and the 
intrinsic approaches of thermodynamic analysis, and further, establishing the 
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mathematical model, we shall reveal the numerically simulated structure of the 
lost exergy. 

2. The bulk approach of thermodynamic analysis 

Let us consider the thermodynamic system shown in Fig. 1. We suppose 
that, within the system, no chemical reactions occur. The instantaneous mass, 
momentum and total energy of the system are M, J and E, respectively. The mass, 
momentum and total energy equations look like: 
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From the entropy and exergy balance equations we find that: 
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where genS  represents the rate of entropy generation and I is the exergy 
destruction rate.  

 
Fig.1 The analysed thermodynamic system 

 
The equations (4)-(5) lay on the bulk thermodynamic methods of analysis, 

namely second law and exergy analysis, because, based on the equations (1)-(3) 
they allow computing genS or I . Further, by splitting the rate of entropy creation in 
its viscous and thermal parts (see for example ref. [2]), or the exergy into its 
kinetic, physical and chemical components [6], one can obtain additional 
information on the irreversibility exergy destruction mechanisms. The advantage 
of the bulk methods is undisputed, because, through the number of entropy 
creation Ns, or the exergy efficiency ηex, they are able to reveal the optimum 
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operating conditions of thermodynamic processes in the fields of cooling, power 
generation or refrigeration [7]-[9]. More than that, transforming the lost exergy in 
its associated cost and adding the costs of purchase, operation, maintenance and 
depreciation of thermal device, one can perform the thermo-economic analysis 
[6], [10].  
 

Taking into account that the rate of exergy destruction is linked with the 
entropy production rate by the well known Gouy-Stodola theorem: 
                                                            genSTI 0=                                                   (6) 
one can observe that in an explicit or implicit manner, all the methods of 
thermodynamic analysis lie on the rate of entropy generation. But the bulk 
approach does not allow revealing the true mechanisms of irreversibility creation 
which drastically decrease the efficiency of all thermodynamic processes.  

3. The intrinsic approach of thermodynamic analysis 

At the continuum level, the equations (1)-(3) for a turbulent 
incompressible flow are rewritten as: 
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In the above equations, the following terms appear: 
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were μ, λ and cp are the viscosity, thermal conductivity and specific heat at 
constant pressure, respectively. In the frame of eddy diffusivity models, one can 
write: 
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The turbulent kinematic viscosity, νt, and the turbulent thermal diffusivity, αt, are 
computed by the aid of turbulent closure models. In this paper we employed the 
following two models: 

1. The v2-f model for νt [11],[12] combined with the algebraic relation of 
Rokni şi Sunden (RS) for αt; 
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2. The models of Abe-Kondoh and Nagano (AKN) [14], [15] for both νt and 
αt.  

All the numerical simulations were performed with the commercial solver 
FLUENT v6.03. The AKN turbulence model for turbulent momentum is built in 
the solver. All the others models were implemented by external subroutines. The 
accuracy of implementations was verified in ref. [16] for v2-f and RS models and 
in ref. [17] for the AKN turbulence model computing the turbulent heat flux.    

          At the continuum level one can also obtain the balance equations of entropy 
and exergy (the homologous of eq. (4)-(5)). Theoretically, they describe the 
irreversibility and the exergy fields. Practically they are useless because, in the 
frame of eddy viscosity concept, these equations are not closed and consequently 
they cannot be used for computing the volumetric rate of entropy generation or 
the volumetric exergy destruction rate. In these conditions, we have to focus on 
the expression of the volumetric entropy generation rate and on the formulation, at 
the continuum level, of the Gouy-Stodola theorem.  
 

      In the case of turbulent flows the volumetric rate of entropy generation is 
computed by the following relation [5]: 
                                                 qtqmvtvm σ+σ+σ+σ=σ                                   (13) 

As in the case of laminar flows, the sources of irreversibility are the viscous 
and thermal phenomena. The corresponding terms are denoted by the subscripts v 
and q in eq. (13). The structure of irreversibility is more complicated because the 
two mechanisms of dissipations are happening not only at the large scale of mean 
flow but also at the smallest scales (Taylor scale) of turbulent fluctuation. These 
mechanisms of irreversibility creation are denoted by subscripts m ant t, 
respectively.  

 

The relations of mean viscous and mean thermal components of irreversibility 
are: 
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The turbulent viscous and turbulent thermal components are expressed by:  
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where ε and εθ are the dissipation rates of turbulent kinetic energy, jj uuk ′′= 2
1  , 

and half of fluctuating temperature variance, 2
2
1 Tk ′=θ , respectively. 

         In accordance with the Gouy-Stodola theorem, the volumetric rate of each 
exergy destruction component is computed as:  
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                                                         )()( jj T σ=ι 0                                                 (18) 
where j=vm,vt,qm and qt. By integrating the volumetric rates over the whole flow 
domain, the overall rate of exergy destruction component is determined: 
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The proportion of each overall component in the whole exergy destruction defines 
the structure of lost exergy. This structure is quantified by the ratios: 
                                                            ( ) II ji =ϕ                                               (20) 
Knowing their values, one can find the actual ways for improving the exergy 
efficiency of thermal processes.    
 

            The exergy or entropy analyses based on eq. (14)-(20) define the intrinsic 
methods of thermodynamic analysis. In most cases, the flow solution can not be 
analytically found, but by applying numerical simulation procedures. This is why, 
before attaining the intrinsic analysis, one should compare the flow numerical 
results with available experimental data. 

4. The structure of lost exergy in boundary layer 

To analyze the structure of exergy losses in boundary layers we have 
chosen as reference the experimental study of Weighardt and Tillmann [17]. The 
initial test conditions were: 0960.=∞M (U∞=33.33m/s) and 52 1041 −

∞∞ = xwK ./ . 
Although the experimental data were obtained for an adiabatic flow,  the heat 
transfer was also considered by imposing as boundary conditions of the numerical 
simulation the plate wall temperature, Tw=350 K, and the inflow air temperature, 
T∞ =300 K. As the temperature gap ΔT=Tw-T∞=50 K is relatively small, the air 
viscosity can be considered constant and thus, the energy equation is decoupled 
from the continuity and momentum equations. Under these considerations, the 
heat transfer phenomena do not affect the numerical values of the velocity profiles 
and skin friction coefficient. In order to validate the heat transfer simulation, the 
Stanton number was computed from the well known Colburn analogy, 
Stx=(Cfx/2)·Pr-2/3, where Cfx is the experimental skin friction coefficient reported in 
[17]. For the momentum equations we used the v2-f turbulence model, while for 
the energy one we employed the algebraic RS turbulence model. The last one does 
not allow computing directly εθ. To obtain it, we used the following relations:  
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where Rτ=0.7 and kθ is the solution of the following equation: 
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which was implemented in the solver by an external routine. 
 

The numerical results revealed that, at x=4.987 m (which is often used as 
reference for testing the behavior of turbulence models), the differences between 
the numerical and the experimental values are around 4% for both the skin friction 
coefficient and the Stanton number. But, while the error of Cfx remained in the 
same range along the plate, the error of Stanton number was growing up towards 
the plate leading edge, reaching 8.4% at the coordinate x=0.36 m. Knowing the 
difficulties in simulating the turbulent convection heat transfer, one can consider 
that the results of the numerical simulations are acceptable.  

The normal to wall distributions ι(j)=ι(j)(y) strongly depend on the x-
coordinate. To eliminate this dependence, we expressed the volumetric exergy 
losses in the term of wall coordinates, resulting: 
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where τw is the wall stress and uτ represents the friction velocity. The 

dimensionless distributions ( )( ) ( )j jl l y+ + +=   are presented in Fig. 2. Obviously, the 

ratio between the viscous and thermal components of volumetric exergy 
dissipations depends on Brinckmann number, which in our case has the value of 
0.0164. In this condition, for a comfortable visualization, in Fig. 2 the viscous 
components were multiplied by a factor of 5. 
 

Figs. 3 shows the structure of overall exergy losses for two lengths of the 
numerical simulated boundary layer, namely L=1 m and L=6.25 m.  

 
Fig.2. The distribution of volumetric exergy loss on the plate normal direction 

As expected, in both cases the percentage of viscous and thermal exergy losses 
remains constant, namely 11.2% and 88.8% respectively. Their ratio is in 
accordance to the value of the expression BrTw/ΔT= 0.115. As one can notice in 
figure 2, the increase in boundary layer thickness leads to a higher proportion of 
the turbulent components with respect to the mean ones. 



172                     Dorin Stanciu, Camelia Petre, Alexandru Dobrovicescu, Horatiu Pop 

 
Fig.3 The structure of overall exergy losses in boundary layer. 

 
Thus, the ratio Ivt/Ivm is 1.49 for 1 m length boundary layer and 1.92 for 6.2 m 
length, respectively, while the ratio Iqt/Iqm is 1.62 and 2.1 respectively. Obviously, 
the increase in boundary layer length (or better said the increase of its thickness) 
over a certain value involves unjustified exergy losses due to the increase of 
turbulent dissipations.   

5. The structure of exergy losses in turbulent mixing layer 

The mixing layers differ from the turbulent wall bounded flow since they 
are remote from walls and the turbulence is created by the mean velocity 
difference between the streams. As a result, the exergy losses, especially those 
concerning the turbulent parts, may have some peculiarities which have to be 
investigated. We chose for that the plane mixing layer experimentally studied in 
[18]. The flow geometry is shown in Fig. 4. 

 
 

Fig. 4 The flow geometry of mixing layer 
 
The centerline velocity and bulk temperature in the inlet section of central 

stream are U0A=108.9 m/s and T0A=403.01K, respectively. The companion stream 
enters in the mixing region with a centerline velocity U0B=73.5 m/s and a bulk 
temperature T0B=314.3 K. It is well known that the accuracy of the numerical 
simulation (especially in the case of temperature field) strongly depends on the 
right selection of the inlet profiles of the flow quantities, such as velocity, 
turbulent kinetic energy and turbulent dissipation rate. Some of them were not 
measured near the inflow boundary. So, in order to obtain these profiles as close 
as possible to the experimental conditions, the computing domain of the two 



 Studies on the exergy loss structure of some basic turbulent flows                     173 

initial separated streams was extended with 0.5 m in upstream flow direction. The 
turbulent momentum and turbulent heat were modeled with AKN turbulence 
models.  

 
 

Fig. 5. The computed and measured distributions of  velocity and temperature in mixing layer 
 

Figs. 5 present the computed and the measured cross stream profiles of 
mean velocity and mean temperature at two stream-wise locations, x=0.2m and 
x=0.4m. The numerical velocity profiles are in good agreement with the 
experimental ones. The computed profiles of temperature match the experimental 
data only in the upper half of the characteristic flow width. Towards the flow 
centerline, the errors are higher and increase in downstream direction. However, 
taking into account the difficulties of k-ε turbulence models to predict the 
spreading rates and the correct levels of turbulent kinetic energy in the jets and 
mixing layers, we can consider the results of the numerical simulation as 
acceptable.  

     
                             Fig. 6 The distributions of volumetric exergy losses in mixing layer 

When trying to find a dimensionless form of ι(j), the wall coordinates are 
obviously useless. Thus, we have to choose a characteristic scale of the volumetric 
exergy losses, which may be expressed as: 
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Using it, the dimensionless distributions of volumetric exergy losses are 
computed with the expression: 

                                                 ( ) Chjj ιι=ι )(                                           (25) 
and are shown in Fig. 6. As expected, the volumetric exergy losses occur in the 
mixing region of the two streams. Practically, the boundaries of mixing zone 
could be identified by the aid of these distributions, which basically have the same 
shape. The differences among them appear in the location of their peaks and in the 
peak values. Clearly, the gap between the viscous and thermal components is 
imposed by the inflow boundary conditions of the two streams, but the difference 
between the turbulent and the mean components of viscous or thermal 
mechanisms of exergy dissipation is huge. One can see that the maximum values 
of the turbulent component are more than one hundred times greater than the 
maximum values of mean corresponding components.  

 
                  Fig. 7 The structure of overall lost exergy in mixing layer 
The computed structure of overall exergy losses shown in Fig. 7 confirms 

the above statements. The ratios Ivt/Ivm and Iqt/Iqm are 308 and 292, respectively. 
As the mean mechanisms of exergy loss represent only 0.34% from the whole 
dissipation, they are negligible in this process.  

6. The structure of lost exergy in wake 

Although the wakes belong to the class of free shear flows too, their 
dynamics is quite different from the mixing layers [19]. In this case, the mean 
momentum is mainly transferred only in downstream direction. This behavior 
affects the length scales of turbulent eddy, which are higher than those of the 
turbulent eddies generated in the mixing layers. So, it appears interesting to 
investigate the structure of exergy loss for this kind of flows.  

The wake was separated from the computational domain built for the 
numerical simulation of the flow and convective heat transfer over the cylinder, 
experimentally investigated by Sholten and Murray [20]. Even if the numerical 
simulation was performed in steady state conditions, the agreement between the 
numerical and experimental Nusselt numbers on the cylinder surface at Re=21580 
was very good. Unfortunately, in the absence of experimental data in the wake, 
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the accuracy of the numerical simulation was not verified. Taking into account the 
grid quality, which was twice adapted, the errors of the numerical prediction are 
mainly due to the turbulence model. Of course, the heat transfer in the wake, 
which is determined by the temperature differences appearing downstream the 
cylinder, is poor.  

 
                 Fig 8. The structure of overall exergy loss in the wake 
 
Fig. 8 presents the structure of the overall exergy loss in this wake. As 

expected, the turbulent components greatly exceed the mean ones. But the ratios 
between the turbulent and mean components of the same kind of exergy 
destruction mechanisms differ by an order of magnitude (Ivt/Ivm =128 and Iqt/Iqm 
=8.3). Comparing to the mean one, the turbulent thermal mechanism is less 
important that in the previous case. This is happening because of the small 
temperature gap in the cross-stream wake direction, where the momentum transfer 
is also negligible.  

6. Conclusions 

In this paper we have investigated the loss exergy structure of 2D wall 
bounded and free shear flows. The numerical simulations, performed with the 
commercial solver FLUENT v. 6.3.12, in which some modern turbulence models 
for momentum and heat fluxes were implemented, revealed that, in the case of 
wall bounded shear flows the mean components of irreversibility play an 
important role in the exergy destruction balance, because they greatly prevail in 
the viscous sublayer. Their role is diminishing as the length of wall bounded flow 
is increasing. In the case of free shear flows, like mixing layers and wakes, almost 
all the exergy dissipations are performed by the specific turbulence irreversibility 
mechanisms. These results could help in the future for improving the exergy 
efficiency of thermal processes by operating regimes and geometrical shape 
modifications.  
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