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BY
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Abstract. We analyze comparatively the NSM and the LM methods
used to calculate the temperature field along a film-cooling flame tube sec-
tion. For identical conditions are presented the temperature fields calculeed
with the two methods.
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1. Introduction

A large part of the turboengines used nowadays employ the film cooling
for the flame tube.

The calculation of the temperature field along the flame tube is neces-
sary for the designing of a new combustion chamber (when serves especially
to establish its geometry) and when adapting an existing chamber to the
use of another fuel (situation known when adapting airplane engines went
out of flight for ground purposes).

There are two methods better known: Narejnii-Sudarev [2], [3]
and Lefebvre [1]. Both methods consider that the working condition
of the combustion chamber is a steady one and that the parameter values
_on the circumference are constant. As a consequence, the temperature of
the fire tube in a section perpendicular on the axis is constant.
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The paper analyzes comparatively these methods, showing that they
give similar results when computing the temperature field along a film-
cooling flame tube section.

2. Physico-Mathematical Models

The heat flows in which the flame tube is involved are presented in Fig.
1. Here: R, — heat flow exchanged by radiation from the flame to the inner
surface of the flame tube: Ry — heat flow exchanged by radiation from the
flame tube to the outer cover of the combustion chamber; C; - heat flow
exchanged by convection from the flame tube to the cooling air film; C
- heat flow exchanged by convection from the outer surface of the flame
tube to the secondary air; K — longitudinal conduction heat flow through
the flame tube’s wall and K, - transversal conduction heat flow through
the flame tube’s wall.

outer cover

(7 Vil 4|
G
secondary Ry
air
K12 r

flame tube

Fig. 1 — Heat flows in which the flame tube is involved.
For a certain part of the flame tube the following relation exists:

(1) Ri+Ci=Ry+Cy=Kyy.

2.1. Narejnii-Sudarev Method (NSM)

This method divides the flame tube in several film cooling sections. For
each section, we calculate the wall’s temperature at several points. If the
temperatures are under the accepted maximum on the entire leng h of the
section, the geometry chosen is correct. If not, the cooling of the section
must be improved by intensifying the heat exchange between the metal .
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and the film cooling or the section length must be reduced (the length of
the section represents the distance between two rows of air inlets).

It is considered that the section is cooled only by its own air film. It is
possible to assume that the air film left by the previous section continues
to exist. but his temperature is almost equal to that of the hot gases and
thus it does not participate to the cooling process any more.

NSM approximates that the temperature is the same on the both faces
of the flame tube and, as a result, the term A9 and the equation in which
it is involved disappears from the equation system (1).

2.1.1. The heat flow R, is obtained by calculating the effective temper-
ature Ty of the flame and the total emissivity of the flame.

First we adopt Ty = Tieor, Where Tieo is the theoretical temperature of
the burning gases at the end of the initial burning zone. Assuming that
the flame is a grey body

(2) Ry = opeyper (T} = Tj)

where g is the Stefan-Boltzmann’s constant, £, is the emissivity of the
flame tube’s wall and Tiy is the temperature of the flame tube’s wall.

The values £/ and Tjy are interdependent and are obtained by iteration.
as shown in Appendix A.

2.1.2. The heat flow Ry is calculated with
(3) Ry = aozigsic (Tiy — Te)

where ;. is the emissivity of the outer cover of the combustion chamber,
T;. is the temperature of the outer cover of the combustion chamber; it is
considered that T;, = T, + (20...80)K.

2.1.3. The heat flow C; is calculated considering that the cooling air
film is modeled by a semilimited jet. It is considered that the jet is formed
by an initial zone (in which there are points where the velocity is equal to
wy at the air inlet) and by a main zone (where the velocity is less than
wy). The heat exchange is analyzed in a different way on the two sections
of the jet.

On the initial zone of the jet the following relation can be written

2 8 A
(4) Crin = 0.0255 (w();—> ?ﬂ (Tff -Ty) .
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where wyq is the initial velocity of the semilimited jet. x - the distance
between the jet’s entrance and the current section; A, is the thermal con-
ductivity of the air, v, — the kinematic viscosity of the air and Tj is the
initial temperature of the semilimited jet.
On the main zone comes true the relation
2\ 08
(5) C'lb =0.038 (u’maxli.’> i\l_"_ (Tlf T El.u) s

a

where wp,ax is the maximum velocity in the main zone of the jet and T, is
the air temperature on the jet axis (the axis is geometrical position of the
points in which the velocity is maximum).

The temperature on the jet axis is determined using the thermal balance
equation written for an elementary volume of the jet. The relation is found
in Appendix A.

2.1.4. The heat flow Cy is calculated with the relation

w il - /\a /
P @ Ta)
Uq [[

(6) Cy =0.0319 (
where w,; is the air velocity in the annular cavity. For the combustion
chambers of the gas turbines the annular cavity width b,; is so chosen that
the boundary layer (having 0y as width) that appears on the outer surface
of the lame tube and the boundary layer (having 4;, as width) that appears
on the outer cover are not able to get in touch.

Due to the amount of heat received from the outer surface of the flame
tube. the cooling air of a certain section will be warmer than the one of
the previous sction.

2.2. Lefebvre Method (LM)

2.2.1. The transversal conduction héat flow through the flame tube’s
wall Xy is determined accordingly to the temperature gradient on the
wall thickness

. A
(7) Kyp=2L(Tin ~Tip) ,
Stf

where A/s is the thermal conductivity of the flame tube’s material. s is the
flame tube’s wall thickness and Ty, and Tjy, are the temperatures on either
the inner and the outer surface of the flame tube’s considered section.
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2.2.2. The heat flow R, is calculated with the relation
(8) Ry =0.5(1 +eip) ooe T} (TFP - T .

the notations heing explained previously.

The calculation method of the emissivity is displayved into Appendix B.

The effective temperature of the flame depends on the heat emission law
along the flame tube. That temperature can be determined if known the
fuel/air ratio and the combustion efficiency 5 for the section involved. The
most part of the thermic calculations are taken for combustion chamber
zones where the combustion efficiency is very close to 100 %. Such suppo-
sition does not prove correct in the initial flame zone. where 5 is usually
less than 90 %.

2.2.3. The heat flow R, is calculated with the relation

EtfEie00 (Tff2 - T

9 = .
®) v A 5 mymy Ty e

where ;. is the emissivity of the outer cover of the combustion chamber.
T, is the secondary air temperature, 4, is the outer surface aréa of the
flame tube and A, is the outer cover area.

2.2.4. The heat flow Cy can be calculated using two computing models
distinguished by the air flow nature on the inner side of the flame tube. If
the cooling air velocity w, is less than the burning gases velocity w, then
for the cooling air flow can be used the turbulent boundary layer model.
If w, > w, the cooling air flow (not to far from the air inlets) corresponds
to the semilimited jet model.

The two cases differ after the ratio m of the masic velocities of the air
and. respectively, of the gases in the current section

(pw)u
10 m = .
() ¥ (pw )y

For 0.5 < m < 1.3 (turbulent boundary layer)
Aa
(11) Cy = 0.0697Ree2-7 (Tod = Tip)

where )\, is the air thermal conductivity, z is the distance between the air
inlets and the current section, 7,4 is the adiabatic wall temperature. Re, is
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the Reynolds number for the air in section x (Re, = powa/1a), pa is the
air density and 7, is the air dynamic viscosity.

The relations needed to find out the adiabatic wall temperature are
given in Appendix B.

If m € [1.3...4] (semilimited jet), then

B T —0.36
(12) Ci = 017 R e (;) (Tot = Tij)

and the adiabatic wall temperature is calculated with the relati-ns (B2)
and (B4) given in Appendix B.

2.2.5. The heat flow Cy is calculated in assuming that into the annular
cavity between the flame tube and the outer cover the air flow is a turbulent
one

(13) Cy=0.02

#9308

35 (1) (-1

dcz: AL‘"IE

where d; is the medium hydraulic diameter of the annular cavity, A is
the cross section area of the annular cavity and m,; is the secondary air
mass fow in the current section.

3. Results and Interpretations

The two methods presented above were used for the temperature field
caleulation along the same section of an individual combustion chamber
with air film cooling. The combustion chamber geometry and the chamber
working condition were identical when each method was applied. The
air cooling mass flow for the section involved was the same. the air film
conforminug to the semilimited jet model. The temperature fields along the
section were represented on the same diagram for both methods.

To be able to compare NSM with LM we must analyze the calculation
methods of the heat flows in the combustion chamber.

NSAI considers that in a certain section the flame tube temperature
is constant along the wall thickness. LM draws distinction between the
temperatures Ty ;, and Ty, on the inner and outer surface of the fla.ae tube.
For this reason NSM does not employ the transversal conduction heat flow
L1y and consequently T results as solution of a single equation. Using Ky,
heat flow, LM requires the thermal conductivity A;s. Both methods neglect
the longitudinal conduction heat flow K. NSM is a specialized method.
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applicable at individual flame tubes with semilimited jet cooling film. LM
is a more general method, which can be used at any kind of film cooling
flame tube (with semilimited jet or turbulent boundary layer).

Tts/ Tteor

A

0s-A

[

0 25 50 75 Bo

0,6

Fig. 2 — The temperature fields.

In which concerns the heat flow R, at NSM the flame tube temperature
exponent is 4, while at ML is 2.5. NSM considers only the first reflection of
the energy radiated by the two bodies (the flame and the flame tube). while
LM uses an experimental dependence that binds the gases absorptivity with
the emissivity of the flame tube, which leads to a difference between the
two exponents.

To calculate c¢, NSM uses a radiation attenuating coefficient 3 deter-
mined appealing to empirical relations. Not using the coefficient 5, LM
employs a complex expression in which appears the luminosity coefficient
(an experimental coefficient representing an empirical correction that ac-
commodates the calculations with the experimental data). The mean beam
length [, is calculated likewise, the only difference consisting in the numeric
coefticient value (4 at NSM, 3.4 at LM).

The term R; is found very similarly. There is a difference in the way of
appreciating the outer cover temperature: LM considers that this is equal
to the air temperature when entering the combustion chamber while NSM
considers it with 20...80° bigger.

The relations used in calculating the heat exchange by convection have
similar expressions. NSM uses the relations obtained for the flat plate in
forced longitudinal turbulent flow and LM the relations for heat exchange
in a straight tube. NSM imposes the calculation of the local values Lo
on the thermal boundary layer outer frontier, which implies the solving
of a differential equation quite complicate. This problem is solved by LM
using the cooling effectiveness, which is determined with a global empiric
relation. NSM calculates the air heating in the annular cavity as it goes
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along the flame tube, heating which is neglected at LM.

At LM. in the C calculating relation appears explicitly the iydraulic
diameter of the annular cavity.

Inasmuch as between the heat flow calculating ways the differences are
quite large; it was to expect that the temperature along the analyzed sec-
tion differs from a method to another. NSM leads to an almost linear metal
temperature variation while LM gives a nonlinear variation in the first part
of the section, variation which liniarizes towards the final part of it.

It was found that the metal maximum temperature has resulted less
through LM, although the mean temperature of the section is almost the
same at both methods. Hence it follows that NSM offers a flame tube made
up from more sections (and shorter, too) then LM, for the same maximum
metal temperature.

The temperature calculated with NSM is less than that calculated with
LM in the first part of the section, the situation reversing on the final part.

A difficult problem shows up when choosing the physical properties of
the gasses at the temperature and especially at the pressures met currently
into the gas turbines. In the technical literature are found only incomplete
data.

4. Conclusions

The methods shown, even if they differ in the heat flow calculation, lead
to similar results. The combustion chamber designed with NSM will use
more cooling air then is strictly necessary to maintain the lame tube under
the admissible temperature and than a chamber with the same geometry
designed with LM.

Appendix A
Augziliary relations for NSM
Flame emissivity is
(A1) =1 et
where I, = 4V//A; is the mean beam length, V is the volume of the flame tube, A; is the

area of the inner surface of the flame tube and 8 = B, + f3, is the absorption coefficient
for gases and for particles (especially soot).

The mean absorption coefficient for gases

A% 4 _ 08+ Lbrio (1 . 0.38T,) P
e i Vi 1000 rH0 +7Co, |
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where ry,0 and rco, are the volumetric participation of H,0 and CO, into the burning
gases and p is the pressure in the combustion chamber.

For the cross-section j of the combustion chamber
(A3) By, = (0.94 4 0.061;)3, ,

where [, is the flame relative length - the ratio of the distance between the fuel injector
and the cross-section j and the entire length of the flame (between the injector and the
mixing zone).

Absorption coefficient of the particles for the diffusive ignition is

_a_,p"f< 1.85) (1‘6T,_ )(g)
] Py = T; seker a; / \ 1000 05) 1) -

where a; and n; are experimental coefficients, a; = 2.7 — 2.5(1; — 0.2), ny = 1.35 —
—(0.35/0.8)({; — 0.2) and C/H is the fuel carbon/hydrogen ratio.

We calculate the mean between the absorption coefficients for n sections

U
B = ;ng (8o, + 85,) -

Using the relation (A1) we calculate the flame mean emissivity for the entire burning
zone, 1, = f(Bn).

The dependence Ty,/Tieor = f(Bo) required to calculate the flame tube temperature
is presented in Fig. 3, Boltzmann number being

) |4 ;
ngmy (X (cﬂ%“"))
e T e
08 1, Titor t

(A5) Bo=

where 7, is the combustion chamber efficiency, m. is the fuel flow, cp|§:f‘" is the specific
heat at constant pressure (mean on the temperature interval between T, and Tico ) and
T, is the air temperature when entering the combustion chamber.

Effective temperature of the flame in a certain cross-section

) 1—exp [-—0.7/ (l ——\/E)]
(48] To =Ty = =) (T — T [T

Tmax bheing determined for air excess a = 1.

Temperature in jet axis

T, (0.45 + 0.8756, /b — 0.0827)

A7 Toe = 5
(A7) 0.368 + 0.778, /b
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where T,, is the mean temperature on the jet current section (in assuming that the

flame temperature

varies linearly along the combustion chamber). d; is the inner flame

tube formed boundary layer thickness and b is the semilimited jet outer boundary layer

thickness.
[KT] Thf emmemmmme— (Narejnii-Sudarev method)
T
toed "IN _] (Lefebyre method)
Iz =
1100 + Yo
1000+ Ti¢(mean)
900+
800 T
7001
600 f } t t + t
0,02 0,04 0,06 0,08 0,10 0,12 0,14 [m]
Fig. 3 — Flame temperature dependence of the Boltzmann number at the

end of the fire zone for combustion chambers with telescopic flame tui e,

Appendix B
Auziliary relations for LM

Flame emissivity

(B1)

ef=1—exp (—'ZQOPL\/ xls T/"S) 5

where L is the luminosity coefficient (L = 1.7 for kerosene like fuel), p is the pressure in
the combustion chamber, x is the fuel/air masic ratio; [, = 3.4V/A; is the mean beam

length, where V is the flame tube volume and A; is the inner surface area of the flame

tube.

Cooling effectiveness
(B2) n=
for turbulent boundary layer being

(B3)
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where s is the height of the gap through which flows the air filni and », is the dynamic
viscosity for burning gases.
From the above two relations we calculate the adiabatic wall temperature.

The conditions in which the relation (B3) can be applied are

-~

Py T

0.

x

v <P <95 019em<s<064, 0<=<150. 05<m< L3,

S

x>
<

The relation (B3) describes with an error of £5% the experimental data obtained by [1}.

Cooling effectiveness for a semilimited jet is given by
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ANALIZA COMPARATIVA A METODELOR ACTUALE DE
DETERMINARE A TEMPERATURII TUBULUI DE FOC CU RACIRE
PELICULARA FOLOSIT LA MOTOARELE CU TURBINA CU GAZE

(Rezumat)

Se analizeaza comparativ metodele Narejnii-Sudarev siLefebvre de
determinare prin calcul a campului de temperaturd in lungul unui trouson al tubului
de foc racit pelicular. Pentru conditii identice sunt prezentate campurile de temperatura
calculate cu cele doud metode.



