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On the spectral bahaviour of turbulence in premixed flames 

I. GOKALP and A. LASEK (MEUDON) 

THE INTERAcriON phenomenon between the turbulence of the premixed inflammable flow, 
and the flame propagating in it, has been studied from the point of view of the flame and, also, 
from that of the turbulence itself. Introduction of the micro-scale effect is interpreted as a possible 
explication of the discrepancy which exists between the theoretical values of the turbulent pro­
pagation speed of the premixed flame -predicted by the wrinkled laminar flame model -
and the experimental values of this spee4. FinalJy, with the aim of clarifying the concept of 
flame generated turbulence, we report our experimental results about the influence of the heat 
emission on the spectral distribution of the turbulent kinetic energy. 

Rozwa.Zono zagadnienie wzajemnego oddziaJywania ~ turbulencj(l przygotowanego prze­
plywu zapaJnego a rozchodz.Clcym sict w nim plomieniem zar6wno z punktu widzenia plomienia 
jak i samej turbuJencji. Wprowadzenie efektu mikroskaJi tlumaczy sict jako ewentuaJne wyja5nie­
nie rozbiemo8ci jaka wystctpuje mictdzy teoretycznymi warto8ciami prctdko8ci propagacji turbu­
Jencji w przygotowanym plomieniu (przewidzianej na podstawie zafaJowanego modelu lami­
narnego plomienia) oraz eksperymentaJnie uzyskanymi warto8ciami tej prctdko8ci. Na zakon­
czenie, dla wyjasnienia turbuJencji generowanej przez plomien, podano wyniki wlasnych prac 
eksperymentalnych dotycZ(lcych wplywu emisji ciepJnej na rozklad widmowy energii kinetycz­
nej turbuJen~ji. 

PaccMaTpHBaeTcH npo6neMa B3aHMO.n;eiiCTBHH Typ6yneHTHoCTH rro.n;roTOBJie:miOro B03ro­
paeMoro Teqe:mm c pacxo.n;mm~Mcn B HeM runlMeHeM, KaK c TOliKH 3peHHH IIJiaMeHH, TaK H caMoH: 
Tpy6yneHTHoCTH. Bse.n;eHHe 3$$eKTa MHKPOMacWTa6a o6'hHCHHeTcH KaK B03MO>KHoe BbUICHe­
HHe pacxo>K,D;emtii Mem.zzy TeOpeTH'leCKHMH 3HaqeHIDIMH cKopoCTH pacrrpocrpaHe:mm Typ-
6yneHTHoCTu B IIO.n;roTOBJieHHOM IIJiaMeHU (rrpe,lUIOJiaraeMOH Ha OCHOBaHUH 3aBHXpeHHOH 
MO,D;eJIH JiaMHHapHOro IIJiaMeHH) H 3KCIIepHMeHTaJILHO rronyqeHllbiMH 3Haqe:mmMH CKOpOCTH. 
B 3aKJIIOqeHHe c ~em.10 BbUICHe:mm reHepupyeMoii IIJiaMeHeM Tpy6yneHTHOCTH, npHBe.n;em.I 
pe3yJII>T3Tbl 3KCIIepHMeHTaJILHbiX paOOT aBTOpOB, KaCalOIIUiCCH BJIIDIHWI TeiiJIOBOH 3MHCCHH 
Ha crreKTp KHHeTuqecKoH: TYP6yneHTHOCTH. 

1. Introduction 

THE INVESTIGATIONS of flame propagation in a turbulent flow consisting of a homogeneous 
mixture of fuel and combustion have a twofold aspect: they are concerned with the in­
fluence of turbulence on the flame characteristics and also with the influence of the flame 
upon incident turbulence. Thus the wrinkled Iaminar flame model, which was initially. 
intended to explain the influence of turbulence on combustion, has later been extended 
to the second aspect, i.e. to the influence of combustion on turbulence. 

The extension of this model, which only considered the influence of turbulence mac­
roscalar fraction, has been analysed to account for the discrepancies between the theoretical 
and experimental values of turbulent flame propagation velocity. The values predicted 
by this model were much smaller than the experimental ones. The assumption of an ad­
ditional turbulence caused by the flame, which would add to incident turbulence and 
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increase its influence upon the flame, was then put forward to explain these discrepancies. 
In a previous study (GoKALP [6]) we suggested to introduce the influence of the micro­

scalar fraction of the turbulence of flame propagation velocity to explain the discrepancy 
between the values of the velocity predicted by the wrinkled laminar flame model and the 
experimental values. 

The present paper is concerned with the second aspect of this problem of interactions, 
i.e. the influence of combustion upon turbulence. After a brief description of the only 
theoretical attempt in this field, that of EsCHENROEDER [4], we report our experimental 
results concerning the influence of temperature on turbulence and, in particular, on the 
spectral distribution of turbulent kinetic energy. 

This study is connected with the investigations of turbulent combustion in premixed 
systems through two simplifying assumptions. The first one consists in neglecting the 
chemical reactions and in considering the rise in temperature of turbulent flow (thus si­
mulating the heat emission due to chemical reactions). The second simplification is that 
of a relatively low temperature range. This is justified by the characteristics of our flame 
which is a "cold", feebly exothermic flame with a maximum temperature not exceeding 
550°C. Attention is confined here to such a flame in order to make possible the use of 
the conventional methods of measuring the turbulence in a flame, i.e. hot-wire anemometry. 

l. Heat release influence on turbulent energy spectrum 

In an incompressible flow the equation describing the behaviour of the isotropic three­
dimensional turbulent energy spectrum as a function of time and wave numbers is as 
follows (HIN'ZE [8]): 

k k k 

(2.1) ;t J E(k, t)dk = f F(k, t)dk-2v f k2E(k, t)dk, 
0 0 0 

where E(k, t) is the energy-spectrum function and F(k, t) the transfer-spectrum function. 
The left-hand side of this equation represents the change of the kinetic energy and of 

k 

the dissipation in the eddies with wave numbers between 0 and k. The term J F(k, t)dk 
0 

may be interpreted as the transfer energy to or from the turbulence in this wave number 
region or as the interaction of eddies in the wave number region 0 to k. The last term in 
the right-hand side represents the dissipation of energy into heat. 

Equation (2.1) may be extended to the case in which energy is supplied continuously 
to the flow. This extension reads 

k k k 

(2.2) :t J E(k, t)dk = J F(k, t)dk-2v J k 2E(k, t)dk+Hk(k, t), 
0 0 0 

where Hk(k, t) is the energy supplied to turbulence in the wave number region from 0 
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to k of the spectrum. In the turbulent combustion case Hk(k, t) will represent the energy 
transferred to the turbulence by chemical heat release. 

Equation (2.2) from which E(k, t) is to be deduced contains two other unknowns: 
F(k , t) and Hk(k, t). In the abscence of an external source of energy various hypotheses 
have been suggested to connect F(k, t) with E(k, t). Among the most important ones 
are those ofObukofi, Kovazsnay, Heisenberg and Von Karman. When a source of energy· 
is present (exothermal reactions in the turbulent combustion case), the only hypothesis 
proposed is that of EscHENROEDER [4] who represented Hk(k, t) by 

k k k 

(2.3) f Hk(k, t)dk = 
4
: .r f E(k, t)E(k, t)dkdk .. . , 

0 0 0 

where K is a function of mean density, temperature and composition. 
After introducing into Eq. (2.2) this expression, Eschenroeder resolved it separately 

for the inertial part and for the viscous part of the three-dimensional spectrum. For the 
inertial region he represented F(k, t) by the modified hypothesis of Obukofi: 

k k 00 

(2.4) J F(k, t)dk = -2cx [ f { kE(k, t)} 112 dk j E(k, t)dk], 
0 0 k 

where rx is a constant. For the region ofthe spectrum where the viscous forces are com­
parable with the inertial ones he usedthe hypothesis of Heisenberg to connect F(k, t) 
with E(k, t): . · 

(2.5) 

k 00 k 

f F(k, t) 112 dk = -2a' {f E(~; t) dk}[ f FE(k, t)dk ]. 
0 k 0 

where rx' is another constant. In this last region H1(k, t) was represented by a modified 
form of Eq. (2.3): 

k k k 

(2.6) f H (k t)dk = 4k·p· f. E(k, t) dk f k 2E(k t)dk 
k ' . . 9 . k2 ,. ' 

0 0 0 

with p,...., 1. 

This theoretical attempt of Eschenroeder predicts an intensification of the turbulence · 
and also a new spectral distribution of turbulent kinetic energy under the influence of 
chemical heat release. Following Eschenroeder, the exothermal source exerts its influence 
most intensively in the energy containing region of the spectrum. Therefore the greatest 
distorsion occurs in a region surronding the spectral peak. Moreover, this additional 
energy tends to shift the transition to viscous action toward ever smaller eddies, that is 
to say the microscale is decreased for a given integral scale and the turbulent field becomes 
more predominantly inertial in nature. 

It was our aim to test these predictions concerning turbulent spectral behaviour with 
heat release in the case of a simple temperature elevation of an initially cold turbulent 
flow. 
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For this purpose we established a turbulent flow into a brass tube of 50 mm in diameter 
and 700 mm in length. The turbulence was created by a perforated plate with a mesh 
diameter of 9 mm and an equivalent bar diameter of 3.8 mm; the flow was heated by an 
electric resistance providing a maximum temperature of 600°C. 

The turbulence was measured with the aid of a temperature compensated anemometric 
bridge (DISA 55 M14) connected with a high temperature hot-wire (Pt/Rh, 2.2 mm in 
length and 10 microns in diameter) so as to eliminate temperature fluctuations. Spectral 
analyses were made using a real time spectrum analyser/digital integrator (Saicor 51). 

All measurements were performed at one and the same point of the axis, 600 mm (or 
160 mesh length) apart from the perforated plate. These measurements concern the axial 
velocity fluctuation and its spectrum. The cold flow turbulence at this point was one of 
a weak intensity, 3% (this measured value is also obtained by the Frenkiel expression 
for grid turbulence), and of a relatively large scale (about the total turbulent energy being 
included between 0 and 2000 Hz). The cold flow Reyno1ds number based on the tube 
diameter was 37000 and the one based on mesh diameter was 6600. The integral length 
scale, deduced from the cold flow one-dimensional spectrum, was 4.4 mm and the Taylor 
microscale, deduced from the Dryden estimation for isotropic turbulence, was found 
to be equal to 0.9 mm. The turbulence Reynolds number for a mean flow of 11 m/sat 
25°C was equal to 22. 

In spite of the temperature compensation associated with a relatively high over-heating 
ratio (0.4), we did not succeed in eliminating completely the high frequency temperature 
fluctuations. Thus there exists the possibility of contamination of the velocity fluctuation 
by the high frequency temperature fluctuations. With this reservation, the results concern­
ing the turbulent kinetic energy spectrum behaviour up to 400°C were presented in a previous 
study (GOKALP (7]). 

The spectrum for T = 25°C was in perfect agreement with that reported by VAN 
ArrA and CHEN [10]. Up to a 400°C temperature of the flow, they observed an increase 
in the absolute intensity of the axial fluctuation which passed from 37 cm/s at 25°C and 
for U1 = 11 m/s (u 1 /U1 = 3.36%) to 49 cm/sat 400°C and for U1 = 16.8 m/s (u1 /U1 = 

= 2.91 %). This phenomenon occurred in connection with a spectral redistribution of 
thekinetic energy: the portion of the spectrum up to about 800Hz became more energetic, 
the mid-range frequencies between 800 Hz and 1700 Hz less energetic, and above 1700 Hz 
no visible variations were observed. The transition to the portion of the spectrum less 
energetic than the cold one occurred at the same wave numbers as those observed by 
WOOLDRIDGEand Muzzy [11]. 

The results presented here (with the same reservation about the contamination of 
the velocity signal by the high frequency temperature·ftuctuations) concern the measure­
ments of the one-dimensional spectrum at soooc and 550°C. At 500°C the following 
phenomenon was observed: the spectral distribution was visibly the same as the one at 
400°C. Approaching the limits of our apparatus (the bot-wire and the compensator) in 
order to increase the temperature, we finally attained 550°C. At this temperature we ob­
served that the· low frequencies became slightly less energetic and that the mid-range fre­
quencies tended to be slightly more energetic than at 400°C (Fig. 1). Moreover, the ab-
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FIG. 1. Behaviour of the one-dimensional normalized spectra with temperature. 
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solute velocity of the axial fluctuation stagnated at soooc (u~ = 50 cm/sat iJ,. = 18 cm/s) 
and was slightly reduced at 550°C (u~ = 46.5 cm/sat ~ = 18.6 m/s). 

The results of the complete series ranging from 25°C to 550°C are represented in Fig. 2 
by a linear-log plot with the ordinate k1 E1 (k1) and the abscissa proportional to log k1. 
This representation is very sensitive to changes in eg.ergy distribution. The area under 
any section of the k 1 E1 (k1) plot represents the fraction of total energy in that wave number 
range. Between 25°C and 400°C the energy increases except for the high frequencies and 
the second maximum, which gives an idea of the most energetic eddies' dimensions, is 
displaced towards the lowest frequencies, as was predicted by Eschenroeder. At soooc 
the same distribution as for 400°C is obtained. At 550°C a weak energy reduction is ob­
served in low frequencies; the second maximum is slightly shifted towards the mid-range 
frequencies. The high frequencies remain always unaltered. 
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FIG. 2. Semi-log representation of the turbulent kinetic energy behaviour with temperature. 

The results for these last two temperatures suggest a certain turbulence attenuation 
occurring only at low frequencies. As we cannot proceed to comparisons with other re­
sults, we abstain from drawing whatever conclusions on this last observation. However, 
we are wondering whether in the vast domain of turbulence another phenomenon does 
not occur, where a negative production of turbulence energy could be observed. In such 
a case we could make an analogy with our observations. 

Such a phenomenon occurs effectively in some disymmetrical flows like a wall yet. 
Here there is a region where the point with - u1 u2 = 0 and that with dUddx2 = 0 do 
not coincide. In the region between these two points the shear stress and the mean ve­
locity gradient have opposite signs. If turbulence shear stress is expressed in terms of ifi1/ 
/dx2 by means of an eddy viscosity Em, which implies the assumption of a gradient type 
of momentum transport, at the point when dUddx2 = 0 the shear stress should be zero, 
which is not the case. 

The explanation given by HINZE [9] is that turbulent transport cannot be of the gra­
dient type only. Hence, the .contribution of turbulence to shear stress consists of two parts: 

(2.7) 

The first term on the right-hand side expresses the contribution of small scale 
turbulence, the second term the contribution of larger scale turbulence, or of the transport 
of momentum over distances where the mean velocity gradient can no longer be considered 
as being constant, while also the effect of inhomogeneity of the turbulence is felt. 
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On the other hand, the term A = - eu~u/J(iJUp/dx«) occurring on the right-hand side 
of the equations for the mean energy and the turbulent energy with opposite signs describes 
the mutual exchange of energy of the mean and fluctuating motion (Monin and Yaglom, 
1971). If at a given point of space A > 0, then the turbulent energy density at this point 
increases at the expense of the energy of the mean motion. If, on the contrary, A < 0, 
then the energy density of mean flow increases at the expense of the energy of the fluctua­
tions. 

Monin and Yaglom state that if the turbulence has some external source of energy, 
for example if it is caused by artificial mixing of the fluid, or in the case of a compressible 
fluid, if it arises because of the presence of density fluctuations produced by the influx 
of heat, then the possibility for the turbulent energy to be converted into energy of the 
mean motion, i.e. the possibility that A < 0, is not-excluded. 

In other words, the conclusion that for stationary turbulence production must compen­
sate dissipation is right for the whole flow, but not necessarily right for each point of the 
flow (EsKIN'AZI, [5]; BEGUIER, [1]). Since in the wall jet case the product ( -u1 u2) (dUtfdx2 ) 

appears with an opposite sign in the energy equation of the mean motion, this might 
suggest a transfer of energy from turbulence to the mean motion. 

The spectral analyses of this phenomenon by BEGUIER [2] show the responsibility of 
the only big eddies in this negative production of energy. The same conclusion is drawn 
by BEGUIER, FuLACHIER and KEFFER [3] for the temperature fluctuations with negative 
production in the case of a heat crenel. 

Thus our observation of turbulence energy removal from the only macroscalar fraction 
for 550°C is somewhat grounded. 
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