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ABSTRACT

The wall temperature distribution of a combustion chamber is a
function of the various heat transfer processes existing in the cham-
ber and annulus. The basic turbulent conservation equations of mass,
momentum, species, and energy are developed in an effort to provide an
inﬂyt‘lcal rather than empirical method of determining the temperature
iiiétribution. However, the inclusion of radiation energy exchange
usi ng the radiative transport theory and the fact that the chamber
fiow s not one dimensional makes a closed form solution to the pro-
blem mathematically impossible.

The literature written prior to 1966 1s reviewed in an effort to
provide approximate analytical methods for determi ning the effacts of
the various modes of heat transfer on the wall temperature. Specifi-
ca Hy. the review covers methods of evaluating radiation exchange be-~
tween the chamber gases and wells, between different areas of the
chimber wall, and between the chamber wall and the annulus casing.
Also. the methods available for determining the effects of convective
heating and cooling in the form of convective heat transfer in the ab-
sence of secondary flow, film cooling, transpiratfon cooling, and the
effect of penetration jets are reviewed. Conclusfons are drawn as to
the possible areas in which considerab'le advancement in calculation
prqcedures have been made since 1966.
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CHAPTER I

The proposed use of the gas turbine power plant for vehicular pro-
pulsion has focused interest on the temperature distribution along the
combustor chamber walls. Unusually high wall temperatures are expected
in certain applications due to the necessity of high combustor inlet
temperatures to increase turbine efficiency and decrease specific fuel
consumption; this increase in inlet temperature is the result of use of
a regenerative cycle in vehicular gas turbine engines.

Due to these unusually high temperatures, an analytical approach
to the determination of the wall temperature distribution is desirable
for two reasons. Firstly, the presently available empirical data used
for predicting wall temperature distributions will not be applicable in
the high temperature ranges. Thus, it would be a significant accomplish-
ment 1f theoretical results could be extended into the high temperature
region. Secondly, as the wall temperatures increase, the necessity for
effectively using the available coolant gases becomes more important.
Therefore, the current study is concerned with possible analytical
analyses of heat transfer in gas turbine combustion chambers.

This report is the first portion of a literature review which will
provide an understanding of the empirical and theoretical tools available
for the analysis. One such analysis has already been completed by
Northern Research and Engineering Corporation (Anon., 1968) with 1imited
useful results, Since this analysis was completed in 1966 it forms a
suitable division for the present literature review. The first segment
of this review concerns those articles directly used in the NREC analysis
and other significant articles written before 1966, The second part of
the review will deal with those works published since 1966. The latter
will hopefully provide the background material necessary for understanding
and judging those advancements Since 1966.



The literature review of those articles written before 1966 has
been completed, and the findings are reviewed herein. Preliminary to
the actual review is a description of the situation which is under study.
The appropriate conservation laws are deveioped but cannot be solved
for the properties of the combustion system since the analysis is mathe-
matically intractable. Thus, it must be replaced by an approximate
method which relies on the theory of superpositioning as utilized in
the Northern Research analysis.

The remainder of the report consists of a review of the amalytical
and empirical techniques available for prediction of wall temperature
distributions. As noted previously, each of the articles reviewed was
written before 1966. The three basic modes of heat exchange, convection,
conduction, and radiation are covered in the forms found in the combustion
chamber. The final section of the report consists of a summary of the
analyses presented and some conclusions as to the direction of advance-
ment since 1966.

Before embarking on the development of a suitable model, the connec-
tion between this portion of the gas turbine program and that discussed
in Part I (Hammond and Mellor, 1971) and Part III (Anderson and Mellor,
1971) of the Second Annual Report should be made clear. The analysis
of Hammond and Mellor (1970a, 1970b) provides the necessary mean gas
temperature and composition along the centerline of the combustor for
any heat transfer analysis. Another connection between the combustor
mode11ing project and the heat transfer analysis is the NREC airflow
and heat transfer analysis (Anon., 1968), which has been incorporated
in a computer program written for NASA Lewis Research Center. This pro-
gram provides the air flow distribution necessary for the determination
of the mean temperature and gas composition from the combustor modelling
program and as noted, its heat transfer program provides a wall tempera-
ture distribution.

Immediately the question arises as to why the NASA Lewis program
cannot be used for the heat transfer analysis. The reason is that to
determine the wall temperature distribution with this program, the oper-
ator must choose which modes of heat transfcer are most important in the
combustor chamber he is designing. The only means available at the
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present time for determining whether the correct choice has been made
is to compare the analytical results with experimental data for the
combustor. Therefore, the program is ¢f limited use since empirical
determinations of heat transfer are still required. Clearly it is de-
sirable to develop a purely analytical technique for heat transfer
estimates, and the present study is concerned with determining if this
possibility exists in view of the literature published since 1966.

In order to ascertain the validity of any advancements made in
the analytical determination, the experimental results for the wall
temperature distribution, to be obtained in the faciiity described in
the final volume of this report (Anderson and Mellor, 1971) will be
necessary.

In summary, the purpose here is to report on the first phase of
a literature review on heat transfer in gas turbine combustion chambers.
The present report is limited to the pre-1966 period and thus allows
appreciation of the state of the ‘art at the time of writing of the HASA
Lewis program, as well as advances available in the literature since
1966. A later report will be concerned with post-1966 literatura and
the feasibility of improving existing heat transfer analysis of gas tur-
bine combustors. ’
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| CHAPTER 11
THE MODEL

A. Basic Equations

The purpose of this section is to establish the analytical methods
available for modelling heat transfer in the combustion chamber. The
physical phenomena of interest occurring in the chamber are defined by
the turbulent flow conservation equations. The presence of recircula-
tion and the rotational dependence of the flow will be .shown tc make
this approach useless. The final section reviews the approximations
that have been made to analytically account for the heat transfer to
the combustor wall.

Figure 1 illustrates a typical combustor of turbular, tubo-annular,
or annular design. For each region of the chamber presented, the primary
Zone, the seconary zone, the annulus flow, and the chamber wall, the
laws of conservation of mass, momentum, species, and energy are appli-
cable. Each control volume shown for the four zones {C.V.1, C.V.2, C.V.3,
and C.V.4) requires a somewhat different form of the conservaticn equa-
tions. The equations are simply presented here because very adequate
derivations exist in numerous texts (Schlichting, 1960, Bird, Stewart,

and Lightfoot, 1960).

D e

s e A

Conservation of Mass
B 3u, ou, du.
t L 2 + 3 _ 0 (
= . 2-1)
i ax] ax2 8x3 v

Conservation of Momentum

au
p (u1 5;—- = HE" o gyt g [(u AL 5;— (2-2)




AIDEASIGAAN Nasatscd

YOLSHENOD HBNNL SV TVIIdAL 1 MU

e gad OJ
A\/!REZ\/
a2 1w [
ARYONDI2S Cx AUVRING

o

@

ie s e os B e



ﬁ n
p c Uy axi = ax,i [(Ki A C g) ] 1 + Qy

- Conservation of Species

3y, dy
LI oy x
P T (p(D +D,) axi) g (2-3)

. Conservation of Energy

T

+arggi-+(u+1\r)3 (2-4)

iA nomenclature 1ist is provided at the beginning of the report. The
%above eauations are for steady, incompressible, turbulent flmw.

The continuity equation for steady incompressible flow is self-

%explanatory. In the momentum equation, the momentum diffusion term,
ia/axi [(u+A ) ai}/ax ] accounts for the laminar viscosity as well as

i the Reynolds stress term a/axi[A aui/ax .]. The rate of ge-seration or

§destruct1on of species m is designated by the last term in Egn. (2-3).
‘For the energy equation, the term on the left hand side represents the

convective transfer of thermal energy. The first term on the right
hand side represents the laminar thermal diffusion plus the eddy or
apparent diffusivity due to turbulence (Schlichting, 1960). The radia-

‘tion exchange and the heat generation per unit volume are represented
by the next two terms on the right side. The thermal expansion pressure
%and the viscous dissipation terms are the final terms in this equation.
%The dissipation term, ¢, represents the turbulent viscous heating for
‘which the coefficient (u + Ar) represents the laminar and turbulent

(eddy) viscosities.

The bars over the various components indicate the time average

‘property of the particular term. Each term consists of a time average
‘component and a component due to the velocity of fluctuation. To cite

an example, the velocity uy s given by;

vihere G} is the time average velocity and u{ is the fluctuation velocity.




This term is incorporated in the dissipation function & and, for
momentum, in the aﬁ}/axi term associated with viscosity (Schlichting,
1960).

The four control volumes depicted in Fig. 1 are, in general, de-
scribed completely by Egns. (2-1) - (2-4) plus an equation of state.
However, for all but one of these control volumes, the primary zone,
it is possible to eliminate terms or one of the equations and still
determine all unknowns. The process of eliminating terms will provide
useful physical insight inte the phenomena occurring in the zones where
each control volume is situated.

For the primary zone control volume, the process of combustion re-
quires all four of the conservation laws and an equation of state to
determine the unknowns since combustion, and therefore a change in
species, requires the use of the species equations to determine mass
fractions of those species present. Therefore, for the primary zone
all of the equations in the form stated are necessary.

As a first approximation, in thz secondary zone the process of com-
bustion can be considered to have either gone to completion or termin-
ated. The species concentrations are unchanged by chemical reaction
but still vary due to the secondary air entraimment. Although the
species equation must be used, it reduces to

ay,
) 52 (2-5)

L

T
The cessation of the chemical processes also allows the elimination of
the heat generation term, q&", in the energy conservation equation,
Eqn. (2-4).

The final gas phase control volume, the annulus volume, C.V.3, is
taken to have a constant mass fraction of oxygen and nitrogen since
combustion does not occur here. The species equation and heat yenera-
tion term may thus be neglected. Stemming from the low temperatures
in the region and the knowledge that nitrogen and oxygen do not part-
icipate in radiation trénsfer (McAdams, 1954), the radiation transfer
rate need not be considered in Eqn. (2-4). The existence of only two
species has truncated the system of equations to four, Eqns. (2-1),

i
!
E
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(2-2), (2-4) and an equation of state.

The final region of interest is the solid phase combustor wall
or liner. Assuming the control volume in the wall is of infinitesmal
axial length but of finite thickness (equal to the wall thickness)
will simplify the solution to the equations. The wall is assumed to
be stationary, of constant mass and chemical composition, and has no
internally stored stresses or internal heat sources. If in addition
body forces are neglected, Eqns. (2-1) - (2-3) are eliminated from the
problem, and the energy equation is given by

aqri
= .___ PP v -
0 [(K A C g) axi + B ax; (2-6)

For most materials the thermal expansion term is small (Guy, 1959} and

the material is opaque to radiation. Eqn. (2-6) may be further simplified
by eliminating the turbulent conduction term, which yields the final
equation:

= 8 _ ol -
0= [K; 5;;4 (2-7)

Under the assumption that the temperature is uniform normal to the wall,
(in the Xy = direction) the equation may be easily expanded.

)

i ]
| ax] 1 ax]

2
3y L ?x 1+ % [Ky 3 33 =0 (2-8)

Note that the turbulent temperature notation has been removed because
the concept of a turbulent temperature in a stationary solid has no
meaning. One further assumption which has been made by Winter (1955),
Lefebvre and Herbert (1960), and Tipler (1955) and followed by NREC
(Anon., 1968), is that conduction in the tangential direction, X3, 15
neglected. Thus, Eqn. (2-8) yields:

[K 0 | (2-9)

The effects of radiation heating or cooling and convection appear to
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be neglected in this equation. However, they are found to be included
fn the boundary conditions for the chamber wall control volume.

In conclusfon, the equations necessary for a solution of the flow
and temperature fields become increasingly more simplified as the
phencmena occurring in the region decrease in number. The primary zone
requires the solution of a very camplicated set of equations {Eqn. (2-1)-
(2-4)) involving reaction kinetics. Cessation of combustion simplifies
the system of equations for the secondary zone by eliminating the chemical
kinetics and the term representing an internal heat source in the enerqgy
equation (Eqn. (2-4)). Annulus flow does mot require the above terms
and : " iows the additional exclusion of radiation participation. Fimally,
the sutid -se contr.: volume requires only Eqn. (2-9) and two boundary
conditions. The complexity of the flow makes the solution for the gas
phase prohibitive, and only the solid phase control volume will be con-
sidered beyond a few concluding remarks.

An experimental investigation by Hiett and Powell (1962) indicated
the recirculation zone found in a typical combustor (Fig. 2). Coupling
fluid motion such as this with the induced rotatinnal motion due to the
swirlers which are present in most combustors makes the solutfon of Eqns.
(2-1) - (2-4) impossible. For this reason, other than a thecretical
heat release rate, the conditions in the gas phase have been eleminated
from the analyses of Winter (1955), Lefebvre and Herbert (196C), Tipler
(1955), and NREC (Anon., 1968).

Therefore, the remainder of this chapter will review the approxi-
mations made in the literature to replace the solution for the gas phase
properties. The mathematicallyexpedient process of superpositfoning
will be shown to approximate the solution for the wall temperature dis-
tribution and thus avold the nonlinear {ntegro-differential equations
necessary for a mathematically exact solution. Utilizing superposition-
ing techniques will also separate the individual components of heat
transfer into six terms, which may then be discussed separately.

B. Inteiaction of Rzdiation, Convection,
and Conduction

Determination of the energy fluxes to the wall requires an under-
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standing of radiation transport in a participating medium and its in-
teraction with convective and conductive heat transfer. A prerequisite
is thus a development of the radiative theory of transport. Viskanta
(1966) developed the equation of transport on a macroscopic basis and
this work shall be reviewed. Utilizing a similar development, Einstein
(1963) developed the equations necessary for determining the temperature
field in a flow of air through a passage including convective and con-
ductive terms as well as radiation participation. The result of
Einstein's work is the substantiation of the theory of superpositioning.
Superpositioning of energy transfer modes implies that radiation, con-
vection, and conduction are each independent of the other two contribu-
tions. The final topic of this section will be the developnent of the
energy exchange equation for the wall using the theory of superpositioning.
The exchange equation will be the basis for discussing the literature
written before 1966.

Viskanta (1966) has provided a derivation of the radiation trans-
port theory based nn the physical interaction of radiation witnh a volume
of gas. Two directions are possible for the development of the trans-
port theory: the microscopic and macroscopic theories. Microscopic
theory concerns the interaction of electromagnetic waves with the parti-
cular species present in the medium. The macroscopic theory accounts
for the emission, absorption, or scattering of radiation upon inter-
action with a volume of gas. Emphasis must be placdd on the fact that
radiation is attenuated by matter and not by a volume; the study on a
macroscopic basis is thus the overall interaction of radiation with
the matter present. In the following, the macroscopic case has been
considered. The assumptions Viskanta used are reviewed and the transport
equation stated with a minimum of proof.

Several assumptions are necessary to formulate a problem which is
mathematically tractable, The theory of radiation transport ignores the
electromagnetic wave phenomena of interference, diffraction, and coherence,
and is thus a Timiting case of the more general electromagnetic theory
of radiation transport. Since in order to determine the variation in
temperature in the medium it is necessary to define a temperature, it
is assumed that local thermodynamic equilibrium exists. Thus, non-
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equilibrium radiation such as chemiluminescence is neglected. The
third assumption made is that the medium is continuous and homogeneous
and is capable of absorbing and emitting radiation in a coherent, iso-
tropic manner. That is, radiation scattered by the matter in the
medium does not have a preferred direction and remains at the frequency

of incidence.
Consider now a cylinder of participating media which is subjected
to a pencil of radiation entering through one end (Fig. 3). The ray is
travelling in a direction S confined within a solid angle dQ. The
monochromatic intensity, Iv, entering the control volume is attenuated
such that the intensity at the end of the control volume is I‘J + dlv.
The change in intensity is determined by the radiation transport equation.
The radiation attenuation by absorption, scattering, and emission
may be expressed mathematically. The spectral intensity of radiation

at the end of the cylinder may be expressed as:
1 dA dQ dv dt
Vv

Inside the volume, energy may be lost from the pencil due to absorption
and scattering, which may be represented as follows

(0, + x,) I, ds dA dv dt d@

Note the inclusion of the elemental distance ds traveled along S. The
two coefficients are the coefficients of monochromatic scattering o,
and absorption K, The matter within the volume emits radiation in a
frequency range from v to v + dv in the direction of S, and this energy

may be represented by:

n, dv do dv dt

The radiant intensity is increased by radiation scattered into the
volume from all possible directions which is represented by:




FIGURE 3 MARIECIPATING I€OIUM COMTROL VOLLIK (YESKANTA. 1966)

:,v;%fﬂ,.‘ w f;_ F

e 11 S il




14

o, ds [(1/4n) Jou oo p,(3* - 3) I (5') da'] dA do dv dt

Tﬁe function pv(g' - 3) is related to the probability of a photon en-
tering the volume traveling along st and being monochromatically scat-
téred so that its final direction is 5. The scattering function has
béen normalized to unity since the probability over all directions must
bé unity:

+y g ' - -
]{4"[ﬂ‘=4n p,(s' = s)da' = 1 v (2-10)
 The attenuation due to absorption, emission, and scattering may
bé formulated into an equation representing the conservation of radiant

intensity over the elemental length ds in a frequency range v to v + dv,
in a time dt and area dA:

(I, +dI, - 1) dA da dtdv = dI, dA de dt dv (2-11)

Tﬁe attenuation dIv dA dQ dt dv can be represented by those losses and
gains mentioned above.

| div dA dQ dv dt = n, dvV d@ dv dt - (c:,\J + KU) Iv ds dA df2-

cdv dt + o [(1/4n)fg iy, P (5" - 3)-

‘I, (5') do'] dA da ds dv dt (2-12)
Since dV equals dA ds, this equation may be divided by dA ds d% dv dt.

: 332' = n, = (o, + k) I, +0, [(1/4m)/ gy B ("> $)-

-1 (3') do'] f | (2-13)

v

- Noting that the distance ds may be represented by c dt:
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dl
%‘3?2 =My T (ov ¥ Kv) I, # oy h, (2-14)

where

Hoo= V8nfgiy, b, (3" =3) I (') do’

In actuality, the derivative of Iv with respect to time may be replaced
by the substantial derivative:

DI
%.U?X = n, - (o, + k) I, * o, H (2-15)

where, by definition:

DI\) = ..a_I_\)_ + C g e V1 (2-]6)
Dt ot \V}
Therefore,
3l
1 v, » -
5-5——-+ S VIv = n, - (ov + Kv) Iv to, Hv (2-17)

For most engineering applications the time derivative is negligible
because of the 1/c factor. Thus,

-
sVl = n - (cv + zv) I, + o, H, (2-18)
which 1s known as the quasi-steady radiation transport equation.

The conservation of radiant energy may be formulated using the
above equation by integrating over all solid angles (fi=dm):

-
J S o VI\) do = f$'2=4'.r -(n\) *+a, H\)) dQ

=4n

g I do (2-19)

" Jg=an By 1,

where Bv is the monochromatic extinction coefficient and is defined as
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-
+ Kv). By defining a radiative flux vector3r; as,

Fo = Jougy (1, d0) (2-20)
the term on the left side of Eqn. (2-19) reduces to:

-+
»> . 1T _ . -
Jomgy S VI AR = [o .V (SI)da = V°F (2-21)
The radiant energy attenuated by the medium is the second term on the

right hand side and may be defined as:

Bv Gv = fQ=4“ Bv Iv dQ (2-22)
where,
Gv = f9=4“ Iv dQ

is the radiant energy in é frequency range v to v + dv. Also,

Somay [, + 0, (1/87) Soug b, (5-3) 1) (') do'] do

® fQ=41r n, @ * o fs2=41r ‘rQ'=41r (174m) Py (3" - '§) Iv (;')'
-da' do = 4mn +a G (2-23)

The probability function reduces to unity because it is integrated
over all solid angles. Therefore,

-
v -3?; = 4mn, +a, G, - B, G (2-24)

v v oov
which reduces to:

-* .
v .7t§ T 4n n, = % G : (2-25)

One impdrtant physical implication of the above conservation of radiant

iy e e ST TR
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energy equation is the fact that scattering has been eliminated from
the equation. This implies that scattered energy is not stored by the
medium which is physically true.

The conservation of radiant energy equation may be related to the
previously formulated energy equation (2-4) by replacing the a‘q;{i/ax,i
term by a?;/ax1 where]F} is the component of radiative flux in the i
direction integrated over all frequencies. Thus,

. S 5T 4 %%, .
DCPUiS;Ti"’571‘[("1'+Ag°p9)§3q]'§§*

3p_ 7 o
+8 Tlax, +(W+A)?T (2-26)

Integrating over all frequencies and noting that the emission for a
medium in local thermodynamic equilibrium is given by:

n(T) = x, I, (M) (2-27)
where
2h v3
Iy (1) = — ﬁu/KBT (2-28)
S, (e P -1)
yields
£n, (Mdv = % 15\) (T) dv (2-29)

-Utilizing these equations for the variation in radiant flux aleng the

X; direction:

= 3T

3 . y a1 3 0
pu15§- E[(K1+Agcpg)'ax—i-]—§sq[4ﬂg K\)Ib\)(T).

o ni 3_-
CUEALN Joman 1, AR dV] + gl + g‘rgg-i-

P ltA)T (2-30)
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Aside from the very difficult problem of determining the necessary
coefficients for the above equation, a mthematicalsolution in closed
form would be extremly difficult to obtain except for the simpliest
cases. o

Einstein (1963) noted that the effects of radiation and conduction
could be accounted for by superimposing the energy transport due to
each of the modes in the absence of the other. The system considered
is shown in Fig. 4. The effects of absorption of the gas in such a con-
vective, conductive system was studied utilizing an equation very simi-
lar to Egn. (2-30) but for laminar flow:

4 oT (¥ 22T(F)
th agg T (R) + 0w e, S /o N

= Kk IS/ ogy ™ @) - R ) dr

+k S o Tt (F) g(F - R ) dA (2-31)

The definitions of the indiVidua1 terms as presented by Einstein are
given in Table 1. Einstein;ysed Eqn. (2-31) to determine the tempera-
ture distribution in the channel for a constant wall temperature. In
order to solve the 1ntegro-ﬂ%fferentia1 equation, it was necessary to
replace the differentials uﬁ%h approximate finite differences in tem-
perature between discrete zones in the flow. A grid of one hundred
units was used. In this madner he was able to determine the heat
transfer between the two plftes and the temperature profile between
the plates.

Upon analyzing the effects of radiation and conduction in the
absence of convectibn, the total heat transferred was slightly greater
than the heat transferred by conduction in the absence of radiation
summed with the heat transferred by radiation in the absence of conduc-

tion. This implies that the total heat transfer may be approximated

*Note: The nomeclature for Eqn. (2-31) is defined in Table 1.
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Terms in the Einstein (1963) Energy Equation

Term

Description

4+
4k Tep T (Ro)

3T (F
pu cp X ) é_
) )
g T {r /
oy

'r‘.’..
o]

k 11 og ™ @& £ - R ) dt

k ST o TS4 ) q(r - R’o) dA

Radiant engrgy emitted per unit

volume at r = o

Enthalpy increase per unit_volume
of the flowing gas at r = 0

Net conduction heat transfer
into the unit volume

Radiation absorbed per unit
volume at Rg from emission given
off by surrounding gas

Radiation absorbed per unit volume
at Ry from emission of flat plates
and end surfaces

Zinstein's Nomenclature

Sy o

= radiation absorbtion coef. of gas
= position vector of variable point in channel or surface
= position vector of variable point in channel or surface
dt = infinitesimal volume element in gas
f(3) = gas-line-source to gas radiation exchunge factor
g(g) = surface-line source to gas radiatioh@exchange factor
Subscripts ) |
s = surfacé
0 = integrated mean conditions at channel outlet
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by the summation of the individual components acting independently of
each other:

9¢ = IR +qC (2-32)

The accuracy of this assumption is exhibited in Fig. 5; qRC/(qR + qc)

is plotted against the optical thickness T, for various values of

NCR = K/Dp Isg T3, which is a measure of the importance of conduction
conipared to radiation in the system.

Einstein's results indicate that the approximation is most accurate
for the two limits of an optically thick or thin medium (the optical
thickness is a measure of the mean free path of a photon in the system).
As would be expected, for heat transfer when conduction (NCR = 2.08)
or radiation (NCR = 0,0208) is dominant, the approximation has a
maximum error of 4%. When both modes influence the heat transfer (NCR
= 0.104 or Np 0.208) the error is a maximum at 9%. Viskanta and
Grosh (Cess, 1964) utilizing a similar physical system found that the
maximum error was 11%. Again, the discrepancy was greatest for systems
which had significant radiation and convection.

An extension of the above example of superpositioning has been
utilized by Winter (1955), Lefebvre and Herbert (1960), and Tipler (1955).
Rather than considering the system of equations (2-1) - (2-4) for each
of the gas control volumes to determire the boundary conditions for Egn.
(2-9), the solid control volume equation, the process of heat transfer
has been approximated as the summation of the individual components of
heat transfer acting as if the other components were not present.

Fig. 6 illustrates the analysis of Tipler (1955) using the concept
of superpositioning. The radiant heat flow from the flame to the com-
bustion chamber wall is represented by R].* The radiant exchange bet-
ween the walls at high temperature (in the primary zone, for example)
to the walls at lower temperatures {in the secondary zone) is designated
by'R3 . The chan@%r walls will also incr-ase in temperature due to the

"
|
i
|
%

.
The notation used herein is attributed to Winter (1955).



SN

" et S e et R e RG34

o i -c
TlingEe ¥

CE G

.04

e —
s
-

.00

ser

FlQut § ERRUA 1 APPRGALARIIN. THE CONTRIGUTIONS (F WRADIAY 10K XD
COMCYION USIne THE SUPTRAMGSITIONIN M THOD ([IRSTOIN. 1963)

|
!




[
I
15
i
i
¥
;
F
:
g

Sp——

B A ] TR R

23

MODES OF HEAT TRANSFER

ANNULUS CASING

CONVECTION, C; HAMBER VALL

IATION, R3

RADIATION,

FLAME
PRIMARY ZONE

— RADIATION, R3 /
™~

R]"'C] +R3 = R2+C2+K

LOWER VALL

FIGURE 6 TIPLER'S MODEL OF HEAT TRANSFER COMPONENTS
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convective heating of the hot combustion gases represented by CT‘
Assuming for the moment that the wall is insulated, the heat transfer
to a wall element may be calculated in the following manner:

(2-33)

K*+Ry+ G = Ry

The sign of K, the conduction component, is dependent on the gradient
of the temperature as defined by Fourier's law cf heat conduction
(McAdams, 1954):

K = K 2. (2-34)

In the instance of secondary air flow through the annulus, heat
will be lost from the wall by convection and radiation (Tipler, 1955)
since the anrulus gases are at a Tower temperature than the combustion
products in the chamber. The convective cooling component of the
annulus gases is specified by CZ. Three other convective cooling methods
could be present in a typical combustor: penetration jets, film cooling
slots, and transpiration cooling, At present these deviations from
the flat-plate-type convective cooling C2 will be neglected. Radiation
exchange R2 is also present in the annulus in the form of radiation
transfer between the chamber wall and the chamber casing. The annulus
terms may be considered losses from the wall element:

+C, +R

R1 + C] +K = R

The remainder of this report deals with the investigation of each
of the terms in Eqn. (2-35), and the permutations found in typical com-
bustors. In the next chapter, radiation in the chamber and annulus is
considered, and the appropriate methods presented in the literature of
interest are reviewed, for the most part, in an order of increasing
approximation or dependence on%empirica] results. In Chapter IV the
theories available for bredicting the magnitude of each of the convective
terms are presented. Thrcughoitgthe report, discussion of empirical
results has been kept to a minimum and the emphasis is placed on




25

theoretical developments, since an analytical model is desired.
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CHAPTER III
RADIATION TRANSFER IN COMBUSTION CHAMBERS

A. Introduction

Radiation transfer in furnaces has been studied on an empirical
and limited theoretical basis for many years (Lefebvre, 1965). How-
ever, only since 1960 have the theories of absorption and emission by
a2 medium been applied to engineering rather than astrophysics problems
(Cess, 1964). The result of this theory, the equations of radiation
transport (Eqn. (2-18)) and the conservation of radiant energy (Egn.
(2-25)), are unfortunatly restricted by their mathematicalcomplexity.
This leads directly to the discussion of two approximate methods, the
one dimensional and two dimensional formulae for flame radiation. Also
necessary for the determination of flame radiation is a method for
calculating the emissivities and absorptivities of the flame. The
correlations available for these calculations, for both luminous and
nonluminous flames, will be covered in the second section. The final
two topics covered in this chapter are the evaluation of R2 and R3,
the exchange between the wall of the chamber and the casing and the
exchange between different surface areas on the inside of the chamber,
respectively.

B. Fiame Radiation

Of the work related to the determination of heat transfer in the
combus tion chamber, a great deé] has been devoted to the study of radiant
exchange between the flame ahd?surroundings (Lefebvre and Herbert, 1950).
Unfortunatly, a large'portioh of this work concerns the development of
experimental techniques for ﬁn’estigating this phenomenon. The two
methods of calculating the mAgnwtude of R] which have been presented in
the 1iterature depend substant1a11y on empirical results for accuracy.
Both of the formulations and their restrictions are discussed in detail

TRS———
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below. The final topic of interest in flame radiation is an under-
standing of the empirical results and correlations of these results
used to determine flame emissivities for both nonluminous and 1uminous
flames.

The one dimensional exchange of radiation between the flame and
the wall at the same axial position as the flame was first applied to
aircraft combustion chambers by Winter (1955). Emphasis must be placed
on the fact that the analysis is applicable to two dimensional flame
radiation (that is, radiation exchange between the flame element and
the wall at all axial positions) only under the assumption of a constant
wall temperature (McAdams, 1954). For the case considered here, the
exchange is l1imited to elements of the flame and isothermal elements
of the wall at the same axial position., If sufficiently small wall
elements are considered the area is indeed isothermal.

Utilizing the formulation for the thermal radiant emission from
a black body:

E, = 7 (3-1)

b 9B
the energy arriving at the wall due to radiation is proportional to

the difference between the energy emitted from the flame and the energy ;
radiated from the wall which is absorbed by the flame. !

Ry ~ [ef Op Tf4 - ag Ogp Tw4] (3-2) |
The coefficients Eg and ag represent the emissivity and absorptivity

of the flame, respectively. Eqn. (3-2) is derived for the specific

case of a chamber wall which is black, €y = 1.0, To account for walls

which are not black and reflect radiation, an additional factor ¢'

has been incorporated into the equation (McAdams, 1954)., The factor

accounts for radiant energy which after leaving the flame has been

reflected back through the flame and is absorbed or rereflected by the

wall on the opposite side of the flame. Empirical results (McAdams, 1954,
Winter, 1955) have indicated that:
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(1+¢)

e = —— (3-3)

satisfactorially accounts for the multiple reflections encountered in

the chamber.
Lefebvre and Herbert {1960) have found that over a wide range of

optical thicknesses the absorptivity and emissivity of the flame are
related by the following

ae Tf 1.5
E; = (T;) (3-4)

In the 1imit of flame and wall temperature equality, ae = €gas would
be expected from Kirchoff's law (McAdams, 1954). Eqn, (3-3) and (3-4)
may be substituted into the equation for the flame radiation to give:

1+e¢
R1 - @_TZ_J!) € Op Tfl.s (Tf2°5 R Tw2.5) : (3-5)
which is explicitly valid for the one dimensicnal case or two dimensional
case under the restrictions outlined previously.

Two values are still necessary for the calculation of Rl' In the
above formula, radiant energy does not appear to be dependent on the
geometry of the system. However the geometric factor is found in the
determination of flame emissivities, which will be discussed in detail
after the second method of calculation is reviewed. A second restriction
to immediate calculation is the determination of the flame temperature.
A mean temperature for the flame is usually determined from the temper-
ature rise due to combustion over the inlet temperature, TIN:

Te = T4y + AT , (3-6)

f IN

The value of AT may be determined from standard temperature rise curves
based on the local fuel to air ratio (Lefebvre and Herbert, 1960).

: Neglecting the radiation from a flame element to a section of the
wall other than the section at the same axial location has obvious
physica] disadvantages. For this reason, Hottel (McAdams, 1954)
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extended the one dimensfonal analysis to account for exchange between
the Flame and all sections of the wall and removed the restriction of
constant temperature along the wall. Hottel began by specifying the
analysis necessary for determining the shape of the gas volume,

If a hemisphere of gas is considered to be radiating at a rate
Osp £g TG4 to a surface element at the base of the hemisphere, the
emission from an element at radiuer to the element per unit area, per

unit of shell thickness is (see Fig, 7):

4
d(Oen €~ Tn') de
sB 6 . 4 deg
ar, * % e ar, (3-7)

The irradfation incident on ihe surface per unit thickness of the shell,

drs, is the radiant emission divided by a factor of n:

¢

Ts

o] de
a = [

G] dr, (3-8)

Utilizing the differential exchange between the volume and the elemental

surface area,
4

sa Tg deg
dR] = dI dA cos ¢ d = [————1] dA d cos ¢ HF; drS (3-9)

Integration over all of the volume and for the base area yields:

de
Ry = Iy J, "max S g €05 6 2 H-ﬁ dr, dA (3-10)

The integration of the above is a tedious procedure due to the required
determination of cos ¢ dQ for the geometry considered. A similar and
simpler procedure was employed to determine the mean beam length T
such that the radiant energy emitted over the entire volume is equal
to the average rate of emission times the mean beam length. The salue
of T was found %o denend on the partial pressure of the participating
gas, PGg times a characteristic length X. This dependence is almost a
constant function of the value of X, which has been determined for
certain geometries of interest (McAdams, 1954).

Hottel has shown, utilizing Eqn. (3-7), that the emission per unit
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volume of gas is:

4 deg
4 og Te Po (a—pE—IJ/P Te0 (3-11)
G
The value of the differential of the gas emissivity is evaluated as if
no radiation is absorbed by the intervening gases. The partial pressure
of the absorbing gases present, PG, accounts for this factor. txtension
to the consideration of flame emission concerns the replacement of the

gas values for those values found in the flame,

de

4 f
¥

Inherent in this extension is the assumption that the flame corsists of
only carbon dioxide and water vapor. Such an assumption is valid for
most combustion systems because CO2 and H20 are the only species pre-
sent in large quantities which have sufficiently wide absorption bands
to attenuate the radiation (McAdams, 1954). Thus the partial pressure
is:

Hottel has also found that the value of the differential of €c is ap-
proximated by:

der 3.6
TP D" T (3-14)

which my readily be utilized in the two dimensional formulation.

Using the equations developed above, the one dimensional analysis
may be extended to consider two-dimensional exchange between all elements
of the flame and an area of the wall (Anon., 1968). The total exchange
is a function of the volume element of the flame, the emission per unit
volume (Eqn. 3-12), the transmittance (a measure of radiation attenuation),
and a view factor which will be described later. The problem considered
and the symbols used are illustrated in Fig. 8.
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The elemental volume of the flame is considered to be the elemental
length Axf times the cross section of the combustion chamber at this
point. Physically this seems to be a poor approximation, but under the
assumption of one dimensional flow and a mean temperature across the
chamber the analysis is as accurate as possible. Therefore, the volume
of the flame element is:

<A (3-15)
Xcs |

where Ay _ denotes the cross section at that axial position.

The view factor, Ffw’ may be defined as the radiant energy arriving
at an element of the wall divided by the total energy leaving the flame
eiement in all directions. The view factor is dependent on the specific
geometry of the system and the determination is possible for most geo-
metries of interest (McAdams, 1954, Sparrow and Cess, 1966). The de-
termination of specific view factors may be found in numerous texts
(McAdams, 1954, Sparrow and Cess, 1966, Howell and Siegel, 1969) and
articies (Hamilton and Morgan, 1952) and further explanation or deriva-
tion would be necessary only if a specific geometry were being considered.

The transmittance is a measure of the energy emitted from the ele-
mental flame volume which arrives at the wall element unattenuated.
Attenuation is the result of absorption by the intervening gases. Hottel
(McAdams, 1954) has provided typical empirical curves depending on the
partial pressure of the gases present and the distance between the
element of flame and the element con the wall, s. HNorthern Research
(Anon., 1968) has correlated this result as shown in Fig. 9 using the

following:
_ 14.82 . |
I 2 p s+1am (3-16)

An average or mean value of the transmittance rmean’ has also been de-
termined to account for the variation of s over the radius of the com-

bustor for an annular combustor:

i g 1.



ORI e~

RL TR

| —— i

14.82

P ¥
1w
'G:o I6f por Tt

—— Calculatad by Wactel (Nchdess. 1958}

-u-.-—r -

0.8

0.6

0.4 b

0.2}
0

[ 29

BT T oA o2 S T b Sk M i . MR W

FIGURE 9 CFFECT OF PRESSURE AWD GAS THICKMESS
Gl RADIATIOR TRANSMITTANCE (ARDN., (9%8)




B et "fﬂ”"?ﬁv’-g‘“"‘i

D ST 2SI

s o g e Ko g " gt amgrmen foo

v avnT
A

o

e

B S s

T R A TR S PR IR

et T S 32yt e a7
ER e Pk ey AR L I e SR

SRR

35

n
14.82
A o Y (3-17)

for which

Iy = Pg /{2 + [r3 -ry - (1720 -.1/40)(r1 - r2)

where n indicates the number of elements across the radius for which s
was averaged.

Introducing the above variation into Eqn. (3-5) accounts for the
emission of the flame element to the wall:

1+a dsf

w
4 05p Tnean —7—P6(3 - 2)0 g T

A S I ERT:D

A f W

Fe,
XCs fw

The total radiant energy reaching the wall element will be the summation
over all flame positions:

4 0., (1 +0a.) de
SB %y £
R = z [F P ( ) ’
1 ¢ A1l Flame Mean 6 'dPcL%,
Positions
CMX, A, Fe (T4 - T (3-19)
f XCS fw f w

The above formulation thus accounts for radiation reaching the wall
element from all of the flame positions.

In conclusion, the methods of radiation transfer theory were not
applied to the problem of flame radiation because of the mathematical
complexity involved. Winter (1955) has provided a method to approxi-
mate the radiation exchange between an element of the flame and an ele-
ment of the wall at the same axial location. Finally, the extension
to determine the transfer from the entire flame to all axial positions
was made using the analyses of Hottel (McAdams, 1954) and Northern
Research and Engineering go;boration (Anon., 1968). Only one factor
need be determined to calculate the radiation exchange using Eqn. (3-5),
the flame emissivity. Determination of the emissivity of hoth Tuminous
and nonluminous flames is the subject of the next section,
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C. Flame Emissivity

The determination of flame emissivities has been an empirical
matter in the majority of studies. The most widely used results are
those of Hottel (McAdams, 1954) for carbon dioxide and water vapor,
the assumption being that the flame consists mainly of these two emit-
ters. This is true only for the case of nonluminous flames. Luminosity
is the result of the presence of solid carbon particles emitting con-
tinuous radiation. The distinition between the two types of flames,
the approximations made in the 1iterature to calculate the emissivities
of both categories from empirical results, and a brief review of theo-
retical approaches to the problem are discussed below.

The empirical charts prepared by Hottel (McAdams, 1954) are ad-
vantageous because they account for the emission of real gases (Einstein,
1963). Calculation of the emissivity from Hottel's results depends on
the partial pressure of CO2 and HZO present in the flame, the charact-
eristic radius of the geometry considered L, the flame temperature,
and the wall temperature. The necessity of providing both the flame
temperature and the wall temperature is based on Kircheff's 12w (Winter,
1955); that 1s, the absorption of energy by the gas depends on the tem-
perature of the emitter (in this case the wall at Tw) and emits energy
at the temperature of the gas, TG. Correction factors have been pro-
vided to account for changes in pressure and the varfiation in mole
fractions of water and carbon dioxide present. One disadvantage of the
results presented is that they are for one at:osphere ard extreme ex-
trapolation is required to obtain emissivities and absorptivities for
typical gas turbine pressures (Anon., 1968). A second disadvantage is
that for typical fuels and local fuel to air ratios, luminous carbon
emission must somehow be added to the basic nonluminous radiation. Te
provide results for various partial pressures of CO2 and HZG and empir-
fcal results over a range of carbon particle concentrations would be
a difficult task. For this reason, most investigations have chosen to
use continuous functions to predict flame properties (Lefebvre and Her-
bert, 1960, Tipler, 1955, Anon., 1968, Aref and Sakkal, 1962, Thring
et al., 1961, Beer and Claus, 1962).

A continous functional relationship has been found to correspond
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to Hottel's charts within one or two per cent (Anon., 1968). For non-
luminous flames the parameters on which the value of ag and Eg depend
were included in relations suggested by Lefebvre and Herbert (1960):

ag ~ ¢q (r2) ¢, (P) 65 (T,) (3-20)
ee ~ 67 (r2) ¢, (P) ¢3 (T¢) (3-21)

Each of these factors were incorporated in the relation used by
Lefebvre and Herbert (1960) which was provided by Reeves (Lefebvre
and Herbert, 1960).

4 0.4 =-1.5
gg = 1 ~exp [1.60 x 107 P (r 2) Tf ] (3-22)

For the remainder of the discussionthe expression for absorptivity will
be omitted; the only change necessary is to replace the flame tempera-
-ture with the source temperature, Tw‘ However, Egn. (3-22) only pro-
vides results for the nonluminous flame and not the luminous results
which are of interest in some gas turbine studies.

The distinction between the emissions on a spectral basis of a
luminous and nonluminous flame is illustrated in Fig. 10 and 11 from
the work of Weeks and Saunders (1958). The emission rate variation over
the spectrum substantiates the assumption made about the flame consisting
primarily of H20 and COZ’ excluding carbon monoxide. The emission bands
of carbon dioxide are found at 1.9y and 2.7y, The 2.7u band is over-
laped with the HZO emission band which has several peaks in the 2.7y
range. The presence of water is identified by the peak just below 2.6p.
If carbon monoxide were present in sufficient concentrations to attenuate
radiation, there would be a peak in the 2.3 to 2.4p range. Thus, it is
concluded that for a typical fuel such as kerosene the omission of CO
from consideration is acceptable.

Fig. 11 shows the spectral variation in emission rate due tc the
presence of carbon particles for a typical heavy composite fuel ("Mothball").
Two important factors are illustrated in this figure: firstly, radia-
tion from the solid carbon particles is spectrally continuous rather
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than in discrete bands as found for gas emissions; secondly, the emission
rate of carbon particles is considerably greater than that of the non-
lumi nous HZO and CO2 radiation. The peak illustrated in Fig., 10 for C02
and HZO in the 2.7u range is seen on the right hand side of Fig. 11,
The variation in magnitude is due to the higher heat release value of
mothball fuel than for kerosene. In the discussion to follow, Fig. 11
i1lustrates why some authors have chosen to neglect the nonlumincus radi-
ation entirely.

Lefebvre and Herbert (1960) were the first to account for the vari-
ation in emissivity due to the luminous components with the addition of
a constant factor to the emissivity equation, (Eqn. (3-22)).

e = 1 -exp [1.6 x 104 A P(ri)o’s Tf'1'5] (3-23)

The factor A is strictly an empirically determined factor. Typical
values for various fuels are shown in Table 2 (Lefebvre and Herbert,
1960). Note the difference in the luminous factor for the two fuels,
kerosene and mothball, shown in Figs. 10 and 11, Lefebvre and Herbert
determined that the luminosity factor A could be correlated to the
carbon to hydrogen ratio of the fuel in use by the following:

A = 7.53 (C/H - 5.5)0-8% (3-24)

Northern Research (Anon., 1968) has attempted to correlate the Tuminosity
factor to provide results more accurate than Lefebvre and Herbert's.
Firstly, an exponential relation of the form:

o= exp (MBS 4.4, (3-25)

was tried and the results are shown in Fig. 12 compared to the data of
Schirmer and Quigg (Anon., 1968), A recorrelation of the results has

been provided of the form:

€ = 1 -exp [4.7 p."3 A (ri}o‘s Tf'1'5] (3-26)



Table 2.

Luminosity Factors for Various Fuels
(Lefebvre and Herbert, 1960)

Fuel : A
Kerosene 1.7
Gas 0il 6.7
Mothball 16.2

Tarmac 19.1
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0.74
e
The resuits for the revised correlation which uses a luminosity factor
similar to the Lefebvre correlation with a power law dupendence on
pressure in the exponential term are also presented Fig. 12.

In an attempt to provide a physical basis for the luminosity factor,
Hottel (McAdams, 1954), Thring et al. {1962), and Bedr and Claus (1962),

have suggested expressions of the form:

Ee = 1 -exp [-c 2 f (1)] (3-27)

where C is the soot or carbon particle concentration, &£ the mean free path,
and (1) is a function of the wavelength, particie size, and particle
distribution. Thring et al. (1962) assumed that the luminous flame be-
haved similarly to a turbid wmedium. By application of light scattering
theories, the authors c¢laim to have derived the following relation:

gg = 1 -exp f-K3 t2) Q- an) (3-28)
where T is the average soot concentratijon. This is in contrast to the
formulation found from empirical results:

eg = 1 -exp [-K.l Conax 7] (- en} (3-29)

3
where Cmax is the maximum soot concentration and € accounts for the
nonfuminous radiation factor. Thring et al. assumed the particles were
in one of two classes: spherical units of from 100 to 800 R with a
nominalsize of 400 R or spheres from 1 to 154,

Stull and Plass {1960) investigated the interaction of electromagnetic
waves with particles ranging from 50 to 1000 K, developing the optical
theories by considering the particles to be equally dispersed. The re-
stricting assumptions made by Sato et al. (1962) are typical of th.s
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type of investigation., The particles were assumed to be identical in
size and material and to be equally dispersed throughout the flame. The
temperature of the cloud was also assumed to be uniform. The physical
insight gained by investigating such a system rather than assuming a
constant factor of luminosity is lost in the idealities of the model
proposed. This criticism is specifically pointed to the assumption of
a uniform dispersion and temperature in the flame.

In conclusion, with the present knowledge concerning carbon forma-
tion in flames, the assumptions necessary to arrive at an entirely an-
alytical solution have 1{ttle practical applicability. The accuracy
and convenience of the continuous function appear to have overshadowed
the empiricai charts of Hottel, especially with the addition of Yuninous
radiation., However, the expressions used must be verified as to the
accuracy attainable when extrapolated to higher pressures.

D, Radiation Exchange Between the Chamber Walls

The consideration of radiation exchange between different areas of
the wall was originated in the work of Tipler (1955). The specific
case considered was the exchange between the wall in the primary zone
and that of the secondary zone. A similar analysis was derived to de-
termine the general exchange between wall areas for an annular combustor
(Anon., 1968).

The analysis as proposed by Tipler suggests that the exchange
between the primary wall of a tubular combustor and the secondary wall
should be given by an equation similar to Eqn. (3-5):

4 4

where %, and €y will be approximatly the same and the view factor,

FdA]-dAz will depend on the geometry and type of the combustor. Appro-

__———priadte-view factors are found in numerous heat transfer texts (Sparrow

and Cess, 1966, McAdams, 1954). Tipler included an additional factor,
1+ cf), which accounts for the absorption by the flame. The situation
considered is illustrated in Fig, 13 and follows the relation:

- . 4 4
Ry = (- l"'f) FdA‘-dA2 Isp [Ew Tw] T Gy Tw2 ] (3-31)
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Since @, =  for most conditions:
Ry = (1 -¢)e,0F [T4-74} (.32}
3 f7 *w "SB "dAy-dA, tw; ey 13-3)

Northern Research (Anon., 1968) has provided a similar analysis which,
rather than accounting for a flame, accounts for the absorption of the
intervening gas between the two areas. Under the assumption that the
flame consists of CO2 and HZO the two analyses are conceptually the

same. The transmittance of radiation, I', is determined with Eqn. (3-16).

N 4 4
Ry = osp o Foaan, (Tw1 " Tu, ) (3-33)

Summation over all wall positions yields:

4 4
R, = 0¢p € L F r (T -7 7) (3-34)
3 SB W Aty Wary Wymdhy T Twy T,

Positions

Similar expressions represent the exchange between each of the wall
elements and the remainder of the system.

E. Radiation Exchange Between the Chamber Wall
and the Casing
With the basic principles of radiation exchange having been pre-
sented, the presentation of the methods used to determine R2 is re-
latively brief. The only variation found in the formulation is the
replacement of the wall temperature in Eqn. (3-30) with the casing
temperature TCA (Anon., 1968, Lefebvre and Herbert, 1960).
4 4
Two assumptions are not fmmediatly evident in Egn. (3-35). First, the
view factor must account for direct exchange and exchange through re-

flection and rerefiection. A typical expression has been given by
Northern Research {Anon., 1968) as:

A 1

1 1
s (--1)+ 1)+ 3-36
T (‘:w ) H(ECA ) e (3-36)
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where:
Fier = hlack.cuefice gverail view factor
[ 1¥]
Aw = area ot the wall

ACA z area of the casing

€ emissivity of the casing (EcA “CA)

Second, the gases present in the annulus do not attenuate radiation.

This corresponds to the fact that O2 and N2 do not absorb or emit

radiation in the infrared (McAdams, 1954), The summaticn necessary for

the chamber wall interchange is not necessary because the casing is
assumed to have a constant temperature (Anon., 1968). The variation
due to combustor geometry affects only the exchange factor.

oo e R 2 =
- ———

jp—



a7

CHAPTER IV
CONVECTIVE HEAT TRANSFER IN COMBUSTION CHAMBERS

A. Introduction

The evaluation of the heat transfer terms C] and C2 has received
considerably less attention than the problem of radiation in the com-
bustion chamber, Methods for calculating the internal convection near
the front of the chamber have been presented in the literature, but the
impression left is that the particular investigators realized convective
heating occurred and thus a term accounting for it was necessary, The
problem centers around the diversity of recirculation flows found in
the region and the prediction of their magnitude and direction, In
sharp contrast is the vast number of studies concerning film cooling,

a variation of internal convection, Unfortunatly most studies have

been performed with either low mainstream temperatures, on the order of
100 to 200°C, cr with heated slot flow and cold mainstreams. The use

of these correlations to predict extrapolated conditions could be ex-
trené]y misleading. Spalding (1965) has provided a semi-empirical theory
which indicates the correct trends and provides a basis of comparison
with experimental results. The final source of internal comvection,

the penetration jet, has not been considered at all in any of the heat
transfer analyses found, for reasons which will be discussed later.

The first portion of this chapter concerns the review of the 1iterature
written before 1966 regarding these internal modes of convection.

External to the flame tube, the convective cooling 02 is a much

easfer mode toanalyze, The reduction in flow velocities are relatively
easy to determine and the cooling is not dissimilar to flow over a flat
plate. The difference in the difficulty in determining internal and

external convective contributions is the difference found in modelling

the flow conditions in the two regions. The final topic to be covered

it A S st o s
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is thus the analysis of the convection due to external flow, C,.
B. Internal Convection, C]
B. 1) Convective Heating in the Absence of Secondary Flow

In the front portion of the primary zane is a region in which little 1
secondary air has been added through penetration jets or film cooling
slots. The gases present have either entered through holes in the done
or have recirculated in a manner similar to that shown in Fig., 2, The
difficulties encountered in modelling this flow have been discussed pre-
viously (Hammond and Mellor, 1971), Of the analyses concerning heat
transfer in combustion chambers (Lefebvre and Herbert, 1960, Tipler, 1955,
Winter, 1955), only Lefebvre and Herbert have even considered the effects
of flow 1n this region. Due to the stratified flow in the primary zone
and the fact that gases are undergoing vapid physical changes in this
region, the authors admitted that an account of the convection would at
best be highly approximate. The analogy proposed is to model the flow
as straight pipe flow. The expression for such a flow is:

- Q d* '012
st = 0.0283 Re 0% = 0.0283 (2 2 (4-1)
p {
or
0.8 (T
¢, = 0.020 & 5 0. 8 (Nﬂ "&ro—r (4-2)

where Qp is the mass flow rate, Ap the cross sectional area, and d;
the hydraulic diameter, all of the primary zone. Immediately upon
statement of the above formulation Lefebvre and Herbert express some
doubt as to the validity of the equation., Firstly, the flow velocity
near the wall is found to be higher than the mean velocity in the pri-
mary zone because of the necessity of such a flow to stabilize the
flame. Secondly, the use of swirl further increases the approxinate
nature of the solution. Finally, the temperature of the gases near
the wall is lower which willlead to higher gas densities near the wall
and further exaggerate the velocity effects mentioned before.

An additional problem is found in determining the temperature at
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which the properties of the fluid should be analyzed. For radiation,
the bulk gas temperature may be satisfactory, but due to the stratifica-
tion of temperature in the flow, the valua of TC for convection will

be somewhere between Tf and Tw.

Calculation of the convective heating in the above manner after
secondary air has been added will becone a progressively better approxi-
mation at positions down the chamber since the recirculation flow will
disappear and the flow become more analogous to pipe flow.

In conclusion, the determination of C1 in the primary zone has re-
ceived very littie attention in the literature. The flow has been
modelled as being similar to pipe flow. The error involved in such an
analogy will depend on how closely pipe flow resembles the true situation
in the combustor geometry considered. Fortunately, a large portion of
the secondary zone region is cooled by film and splash cooling devices
for which the cooling effects are better understood.

B. 2) Film Cooling of Chamber Walls

To protect the chamber wall from convective heating, design practices
have dictated the use of film cooling slots. The film cooling slot
(Fig. 14) provides a blanket of cool annulus air to protect the liner
wall from the hot chamber gas. The cooling flow may consist of three
distinct zones: the potential core, the wall jet region, and the fully
developed turbulent boundary layer region. The character and the ex-
istence of these regions depends on the ratio of coolant or slot gas
velocity, Ugs to the magnitude of the free stream velocity, Upns * For
slot velocities much greater than the mainstream velocity, Ug > > Upes
the wall jet velocity may be calculated utilizing Glauert's (1956) wall
Jjet theory. For the case where U™ Ug the wall jet region no longer
exists (Stollery and El-Chwany, 1965). The flow transition is thus from
the potential core flow directly to the fully developed turbulent
boundary layer flow. Because both of the situations are found in com-
bustion chambers, the theories and experimental evidence pertaining to
each will be reviewed.

Of the numerous works related to film cooling, the majority concern
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the turbulent boundary layer reglion; considerabliy less work has been
done on the wall jet flow and almact none on the sotantial ore. in
the case of the wall jet, the theory of Glauvert (1956) will be reviewed
and thr success of the ineory compared to the experimental findings of
Seban and Back (1960). Spalding (1965) has proposed a semi-empirical
theory whichencompasses both the wall jet and turbulent boundary layer
region, The basis for the theory will be reviewed and the wall jet
solution contrasted to that of Glauert. The solution for the turbulent
boundary layer will be stated as a guide to presenting the numerous
experimental investigations of the turbulent region. Hopefully, the
order chosen for the review will provide substantially greater insight
into the numerous correlations presented in the 1iterature.

Throughout the literature, the investigations (both theoretical
and experimental) employ the “"adiabatic wall" for their studies. This
is merely a reference state which avoids the introduction of extraneous
phenomena intc the results. Without such a reference state, the results
of the various authors could not accurately be compared. Additionally,
the scatter found in the results of the various investigators may be
partially attributed to insufficiently adiabuatic walls,

B. 2-1) The Potential Core Region

The potential core exists from the slot exit until the turbulence
induced by the mainstream mixes the slot and mainstream flows (see
Fig, 14). The gases below the mixing line retain the properties of the
coolant flow. For this reason, in the absence of radiative heating,
the adiabatic wall temperature will be that of the coolant flow (the
effect of radiative transport is included through the use of the theory
of suparpositing as described in Chapter III). Thus, the convective
heat transfer is determined using Newton's convective heat transfer
equation (McAdams, 1954):

q. = h A (T, - T) (4-3)

s
where the value of hc‘ the convective heat transfer coefficient, is that
of laminar flow over a flat plate, Ty is the udiabatic wall temperature,
and TS the temperature of the slot fluid. Assuming the region behind

o —
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the slot is similar to a flat plate is acceptable because the normal

siul neignt is surriciently small, compared to the radius of thr chamber,
that effects due to the curvature will be negligible. An additional
assumption is that the slot is continuous around the chamber to avoid

the inclusion of end effects. In conclusion, the potential core in the
absense of radiation is unaffected by the presence of the mainstream
thus protecting the wall from convective heating.

B. 2+2) The Wall Jet Region

The wall jet flow region velocity profile (Fig. 14) indicates why
the wall jet must be considered as a specific type of flow rather than
as a fully developed turbulent boundary layer. The flow near the wall
is characteristic of the viscous effects of the boundary layer. The
unique property of the flow is the peaked velocity profile near *he wall
which slowly dissipates to the freestream value as the end of th. velogity
boundary layer is approached. Of course, such a region does not exist
when the coolant flow velocity is less than or of the order of the
magnitude of the mainstream velocity.

The pioneering study of the wall jet was conducted by Glauert (1956),
who solved the boundary layer problem for the velocity profile assuming
there is a similarity solution such that the velocity u ~ x2 and the
velocity boundary layer thickness § 1is proportionmal to xb, 6 ~ xb.

The value of a and b must be found. The equations of interest for the
system are the two dimensional continuity equation:

W, WV
E{*‘W =0 (4"4)

and the mamentum equation:

-3, —ou _ 2@ U

u§-§+v—i = -a-y—(et W) (4-5)

where the bars above the velocity components represent the mean velocity
of the flow. It should be noted that the eddy viscosity has been used
in place of the two terms for viscosity in Eqn. (2-2). The boundary

condi tions available for Eqn, (4-4) and (4-5) are:
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For the use of Glauert's formulation it will be required that the main-
ctwoom vEToCi Ly appreach zero.

To simplify the task, Glauert used Prandtl's hvnothesic to desciibe
the behavior of € that the eddy viscosity 15 constant across the
boundary layer and proportional to the product of the maximum mean velo-
city, iﬁax and §, the boundary layer thickness.

Assuming there is a similarity solution for the velocity profile
s ot T~ x? and § ~ xb. Glauert determined that ¢ - xa+b, where b =
Tam a = -4/3. By defining stream functions and integrating to solve
fyr. '4-5% wiauert found his results gave the characteristic results
of Lhe outer portion of the laminar wall jet shown in Fig. 15. To
account for the remainder of the flow, Glauert incorporated the frictional
effects found in turbulent pipe flow studies by Blasius:

T = 0.0225 p ul (%i)w (8-7)

that is, the frictional effect of the wall has been accounted for ag a
function of the parameters of the system. The result of matching the
theovatical profile provided by Prandtl's hypothesis for the flow beyond
the maximum velocity with the empirical results of Blasius is shown in
Fig. 16, where ng and f' are the nondimensional distance and velocity
functions. |

Glavert also defined a function, ayye which is a measure of the
extent of the frictional effects on the flow for the velocity profile
beyond the maximum velocity. This function will be of use later in
studying the empirical results of Seban and Back (1960).

The above is a cursory review of the work of Glauert and in no
way implies the solution for the boundary layer is a simple one. How-
ever, the amlytical aspects have been avoided because the experimental
results will provide needed information. The temperature profiles can-
not be obtained from Glauert's numerical solution by a technique such
as the application of Reynold's analogy (Schlichting, 1960) because the
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FIGURE 16 GLAUERT®S (1956) RESULTS FOR THE TURBULENT WALL JET
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flow and temperature fields are not analogous, Therefore, Seban and
tneory to temperature profiles.

These investigators empirically determincd ihe veiocity and temper-
ature profiles in the wall jet. The analysis used strictly follows the
work of Glauert reviewed above. The system Seban and Back studied is
depicted in Fig. 17. The authors indicated that the difficulty in
applying Glauert's results stems from the velocity expression:

4-5b

u o= U [%;;’-42 ) g{zz (4-8)

where U 1s a reference velocity which is not easily defined, A“J a

function which depends on the ratio of the nondimensional distance from
the wall to the maximum velocity, to the nondimensional distance from

the maximum velocity to the end of the boundary layer. The proportionality
is defined by ay; which in turn yields the power of T ~ x® and 6 - x° by:

dayy
d ‘-"'5-—;—;“-‘-]- (4-9)
4 + &:“J
b = W (4-]0)
or approximately:
[+
a = - Tn?%gﬁ; (4-11)
b = 1 (4-12)

The function df/dn6 is related to the similarity variable ng which is
given by:
4 - ab yu ux,™®
"

o y
B wrat v (4-13)

In actuality, the coordinate f' = df/dn6 of Fig. 16 1s nondimensionalized
as follows:

g g o
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with §/2 being the distance from the wall to where u = 1/2 Eﬁs. A
value of 6/2 is used for the related variable because this is the easies:
experimental point to determine with sufficient accuracy.

Fig. 16 compares extremely well with the results of Seban and Back.
Generally, it was found that as the slot height was reduced the agreement
with the theoretical results improved. This does not imply that the re-
sults were drastically far from the theoretical predictions at large
slet heights, becuase the accuracy was still fairly good. Of interest
to the application of modelling film cooling flow was the fact that the
influence of the free stream flow was noted even for mainstream velocity
ratios aﬁfﬁﬁax of 0.40.

Seban and Back have correlated their data in terms of &, which is
the distance downstream of the siot, x, plus the starting or effective
starting length of the boundary layer, Xo!
£ = x ¢+ Xy (4-15)

From Glauart's results the following analytical function was compared
with the empirical results:

= 1/4
.&rs.:-?.irrx‘.rl (g-'-)(i.tﬂ) X ¢
S s s s H
4 4 + aw "504
Loz O - 5w Jow + 007 ng
f 5/4
(@) ] (4-16)
max
for which fmax' f&ax and ngare functions of ay e Experimental results

indicate that the powsr law behavior may not exist far downstream of
the slot. This region is of no importance for practical film cooling
results and will not be discussed.

For the experimental values, it was found that:
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u 5 0,60
T = 0.212 (§) (4-17)
$ S 1

which agrees with experimental results within 5 per cent. Similarly,

u -0,45
mx :
oo T A (ﬁsr) (4-18)

for all slots within a 5 per cent error,

Seban @nd Back extended Glauert's work by analytically determining
the expected shape of the temperature profiles. The result is compared
with the experimental profiies in Fig. 18 for a 0.25 inch slot. The
profiles near the slaot approach a zero slope near the wall as would be
expected.

D. B. Spalding (1965) developed a theory which includes all possible
interactions of film cooling slots with a flat plate. In actuality,
the theory was developed to include mass transfer through a flat plate
and combtustion in the boundary layer, as well as film cooling flow,
Because of its substantial length, the theory will only be briefly out-
lined: t¢he results for the wall jet will be presented as the final part
of this section and the results for the turbulent boundary layer will
lead into the subsequent discussion of film cooling.

The “Unified Thecry" of Spalding was an attempt to organize the ex-
tensive experimental work done on film cooling (Chin et al,, 1958, Chin
et al., 1961, Hartnett et al., 1961, Hatch and Papell, 1961, Papell, 1960,
Papell and Trout, 1959, Seban, 1960, Seban and Back, 1962, Back and Seban,
1962, Seban et al., 1957, Seban and Back, 1960, Stollery and El-Ehwany,
1965). Each of these investigators have varied the mainstream velocity
or temperature, the cooiant flow and temperature, correlated the results,
and presented this correlation usually with use of very little physical
insight. A sascond difficulty with the experimental results is that the
conditions under which the film cooling was studied were usually at low
wainstream temperatures (less than 700°R) or with a cold mainstream and
heated slot flow. Therefore, the correlations deterwined cannot be re-
liably extended to the range of interest in combustors.

Fig. 19 is a graphical representation of the possible situations
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which Spalding has tried to account for in his theory. The purpose of
the unified theory was to develop a set of equations such that each term
or set of terms account for one of the flow characterictics shown, The
engineer could then eliminate those terms which are not necessary for the
particular case he is considering. In this instance, all but those ter-s
pertaining to film coolant flow may be eliminated from consideration.

The theory is based on two postulates. First, the profiles of velo-
city, temperature, and concentration are described by expressions with
two main components, a boundary-layer component and a wall jet component.
The boundary-layer component accounts for the momentum, heat, and mass
transfer to the wall. The jet component models the effects of interaction
between the coolant stream and the mainstream. The second postulate
assumes that fluid is entrained into the wall layer in the same manner
as in a turbulent jet,

There are two restirctions on the following development: firstly,
the properties of fluid (density, viscosity, specific heat, and thermal
conductivity) are constant across the boundary layer; secondly, the wall
is hydrodynamically smooth,

The mathematical quantities which are of concern are defined by three
integral quantities (I) and five Reynolds numbers., The three intergral
properties depend on Z (= "/"ms) or ¢ (a conserved property) as follows:

I = L (ofepg) 248 (4-19)
1, = £ (oo ) 2° d¢ (4-20)
2 " o ms

I, = [ (8/0pg)0/ny) 2 d 8 (4-21)

where £ = y/yms, and the subscript ms stands for the mainstrean
quantity. These expressions may be related to the displacement thick-
ness 6]. the momentum thickness 89 and the shape factor H:

§/Vps = 1- 14 (4-22)




Sol¥ns = 11 - Iz 14-23) 1 i
H = 5]/52 = (1- I])/(I] - 12) (4-24)

In order to provide conservation laws in the form presented by Spalding,
it is necessary to define five different Reynolds numbers:

Rems = Prug Unms Yms/Mms (4-25)
Rey = Ppg Upg Spfipg = (11 - I2) Reps (4-26)
Re,, = f:"‘"' (ou/u, ) dy = I Re, : {4-27)
:, Remax * Pus Umax Ymax/Mms (4-28)
i, Re, = q: (pms ums/yms) dx (4-29)

Using the above, the conservation laws mey now be developed.

Three conservation laws, conservation of mass, momentum, and a con- ;
. served property ¢, may now be written as first order ordinary differential
5’% equations; for conservation of uass

R e T T

d Re
m d(am) _ .

where w is the distance between adjacent streamlines in the direction
parallel to the surface and normal to the flow, and m is the mass trans-
fer rate (nondimensional) into the boundary layur throush the wail:

mo= @'/ {0 Ung) (4-31)

The quantity Mos is the nondimensicnal rate of entrainment of mass
tato the boundary layer:

Mo = '"ENT/pms Uns (4-32)
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The conservation of moientum equation may be reorecented huv:

d Re d (&nu_} .
E"Rféfz* (1 + H) Rey ~—gpa—— * Re, d }",'z‘e") = s +m (4-33)
X % X
where
T Cf
s T (4-34)
(Pps Uns )

which {s a measure of the shear force acting on the fluid.
The final conservation equation is the conservation of a property
such as enthalpy or species concentration:

I I .
e (1 Rey) + 1% R SHI « oy - ) (&-3)

vwhere the subscript T stands for the “transfered-substance state",

Before the three conservation equations may be solved, several
more relations are necessary. The first of these is the assumed velo-
city distribution under uniform-density condi tions:

z = sV2u" 4 (14 2g) (- cos mg)r2 (4-36)

The first term of the above relates to the "law of the wall" and the
second to the "law of the wake". The terminology here relates to a
paper by Coles (Schlichting, 1960) in which the velocity profile was
assumed to be represented by a linear combination of two universal
functiaons, “the law of the wall"” being the first, the "law of the wake"
the second. In the above the shear stress term function u+ is related
to the nondimensional distance from the wall y+. where:

vz yle) Ve (4-37)
The quantity (1 - ZE) measures the magnitude of the free-mixing-layer

component of the velocity profile. The final quantity (1 - cos v £)/2
is a corvelation of empirvical results.
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Through a series of approximations, Spalding replaced the unknowm
function u+ and obtained:

71+25 (s »«sz)”2 g+ Zp+ (1 -2
(1 - cox v €)/2 (4-38)

The inclusion of the mass flux term through the wall represents the shear
stress component due tc such a mass flux.

The second necessary relation {s the mass entraimment relation,
which is defined as:

3+ vy
-m = 0. ms (4-39)

ms 8 x
where Zo is related to the velocity of the mixing layer and that of the
freestream.

Now that general equations have been provided for the physical
situation believed present, rather than continuing with the lengthy
derivation of the theory, it will be benificial to apply Eqn. (4-30)
through (4-35) to the wall jet. The mass flux through the wall is set
equal to zero because the situation consideres flow only from a slot,
The term d (2n w)/d Re, becomes zero if a constant width of the stream
is assumed. This reduces equation (4-30) to:

dRe
H'R"" = " M (4-40)

X

Similarly, since U, is assumed to be nearly zero for the wall jet, the
d (2n Upne )i Re,, term may be eliminated from Eqn. (4-33) and (4-35)

d Re2

a_R.e_x. = S (4'41)

and

d_ e
a—Re— (T-]— R&m) = 0 (4-42)

X
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Using the above relations. Spaldina showed that:

Rey, L 2
5 us 7 ~ 1,837 (Cz F'-;-) (4-43)

where the slot height 1s given by hs' and u represents the coolant velo-

city. In the case of the wall jet:

P Upay ©
Rep, ~ —2— (4-44)
such that
umax § X ]/2

which using an expression given by Spalding for & yields:

- 1/2
iﬁ‘;’i- 0.695 (C, h—z-) ! ' (4-46)

Comparison of Eqn. (4-45) and (4-46) to those of Seban and Back (see

Eqn. (4-16) and (4-17)) indicates the theory is definitly of the correct

form. Experimental vresults presented by Spalding show that C2 has been
determined by Stratford et al. so that Eqn. (4-46) becomes:

Ynax x 112
T 3.6 ('h-r) (4-47)
(3 s
The excellent agreement exhibited here encourages the use of Spalding's

enthalpy flux equation:

1
h- hms i P Ug h;/u %
Ry = Ty - Rey, % - % - % {1 -~ 0,2055n)

-1
z

=~

(4-48)

where £ = 9,94, an empirically determined value, and n is a quantity
which accounts for the fact that heat and mass are transfered faster in
a free jet than is mowentum. Thus, 1f n = 1, the exchange is equal,

PO

emtan i e ek 2R e A
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g that is, heat is transfered at the same rate as mowentum, If n =0,
g heat and mass transfer i{s assumed to be infinitely fast compared to
momentum transfer. Inserting the value of £ = 9.94 and Eqn. (4-43) ;

{

into (4-48):

e
—t—— R

e

E

h=hes 3.4 Mg 12

S 4-49
Bo=he & T=O.5TT X (4-49)

where h is the enthalpy of the gas next to the wall (the gas temperature
can be assumed to be very close to the wall temperature). The value on
the left hand side of Eqn. (4-49) is a measure of the efficiency of the
film coolant in maintaining a low wall temperature. In a latter part
of this section it will be more often termed the efficiency of film
cooling, Often the expression is written as follows:

L R

h - h cp T - Cp Tms
ms ms (4-50)

hg - Mg cpsTs - cmems

assuming the values of cp are relatively close,

T - Tms x 3.14 2.;_. 1/2 (4-51)
s = Tus =T8T X

Since the above is the result of a semi-empirical theory, vne might
question the improvement over the findings of experiments and correlations
such as those presented by Seban and Back (1960). The improvement lies
in the relatively few unknowns in Eqn, (4-51), Rather than providing
a different correlation for each mainstream and coolant veleocity ratio,
only a value of n need be determined to calculate the effectiveness of
the fiIm cooling wall jet.

In conclusion, the work of Glauert provides an understarding of
the flow issuing from a wall jet. However, since Reynold's analogy may
not be used to extend Glauert's results, empirical information is neces-
sary to ascertain the temperature distribution. The theory of Spalding
was then developed in general and applied to the specific case of the

~
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wall jet. The previously reviewed findings of Seban and Back (1960C)
substantiate the theoretical predictions of Spalding.

B. 2-3) The Turbulent Film Cooling Boundary Layer Region

The investigations concerning the turbulent boundary layer region
have, for the most part, been experimental and have outnumbered those
for the potential core and wall jet regions. This is primarily due to
the fact that the turbulent region exists over the major portion of the
area protected by the film cooling blanket. A secondary reason for the
interest in this region is that here the parameters of the flow will
most effect the wall temperature. In the potential core region sufficient
coolant exists to prevent excessive temperatures from being reached,
and i1f the mainstream velocity is greater than the coolant velocity,
the wall jet region does not exist. Since this is most often the case
in combustion chambers the boundary layer region is of special import-
ance.

The experimental investigations may be catagorized into two divisions,
those with low mainstream temperatures (<700 °R) with film cooling or
heating, and those with mainstream temperatures in the range of those
found in gas turbines. Fortunately, division of the empirical results
into these two groups eliminateswany of the studies which present cor-
relations with little physical insight. However, one such correlation
of data remains (Papell and Trout, 1959) and wil’ be discussed first in
the section below. The need for a theoretical approach is dramatically
evident from such a study. The work of Spaiding (1965) mentioned in
the previous section will be briefly extended to the situation of film
cooling in the turbulent region. The results of the theory will be
compared to the empirical results of Seban and Back (1962). Finally, the
results of Hartrnett et al. (1961) will be shown to be of the same form
as those predicted by Spalding. The emphasis in this section is again
placed on the theoretical approach since the conditions of interest
are not adequatly covered by empirical results.

Papell and Trout (1959) were among the first investigators to study
film cooling of an adiabatic flat plate. The range of conditions of
their experiments {s shown in Table 3.

. e omem o o
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Table 3. i}

Experimental Conditions

for the Study of Papell and

Trout (1959) 7
Matnstream Gas Temperature 520 °R to 2000 °R
Mainstream Mach Number 0.15 to 0,70
Cooling Air Temperature 540 °R to 870 °R
Cooling Air Mach Number 0.0 to 1.0 ‘
Slot Height 1/2, 1/8, 1/8, and i/16 inches ‘
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With very 11ttle introduction as o why the afficiency of the fiia
cooling slot should depend on any specific quantities, the authors pre-
santed a general correlation form:

(Pu) h ., T
ms _aw $ ) s 2 4-52
Ty = K [m,-”]" (2 (=) (4-52)

n

1

Although the dependence of the efficiency on mass flow rates and slot
haight 1s evident the authors provided no reasons for the inciusion of
the tampersture ratio. Also absent from the amalysis was a discussion
of the physical reasons for organizing the components in the manner shown.
In Yeu of such empirical correlations, a theoretical efficiency
has been provided by Spalding's “Unified Theory”. The development of
a theoretical approach {s of interest for two reasons: the results pro-
vide insight into the phenomena concerning the flaw, and the results
may more safaly be extanded to conditions which have not beer experi-
mentally {nwestigated. The relation betwesn the physical and mathematical
findings have been outlined in the previous section. The only peint
which should be made 1s that the freestieam velocity is no longer zero.
Interaction of the fresstream and the boundary layer leads to the tur-
bulent mixing and haat transfer.
Therefore, the results of Spalding's theory for filam cooling effect-
ivaness of a turbulent boundary layer may be expressed as:

s T L g0z Cepsrelty.
e L L

'[é*lg(';-°'5°9)-2§(§--°’539+§z)
D PR S Y F T

] (4-53)

The value of x necessary for the integration of Rex will not be the dis-
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tance fran the slot exit, since the boundary layer appears to start
somewhere ahead of the slot exit.

The above may be compared to the experimental work of Seban and
Back (1962), for which Spalding determined Z = 0.903, ¢+ = 8.77,
and n = 0.63 for a slot height of 1/16 inch. The bracketed term in
(4-53) then becomes equal to 0.210, and (4-53) reduces to:

Rps = I Pg Ug hg
= 5,67 4-54
L (—-R-—-o—g-x ) (4-54)

The comparison betvween the theoretical and experimental efficiencies

is shown in Fig. 20 as a function of (p u./0,. ums)(ymsldz). the
momentum thi ‘ness. The two extreme cases of n = 1.0 (momentum transfer
equals heat and mass transfer) and n = 0 (infinitely fast heat and mass
transfer) are also shown in Fig, 20.

A parallel analysis by Hartnett, Birkebak, and Eckert (1961) pro-
vides a similar relation to that of Spaiding. These authors proposed
that the energy contained at any boundary layer cross section of the
flow downstream of a slot must be equal to the energy added through the
slot,

. 5 '
Esyor = fom- pucyL (T - Ty)dy (4-55)

where L is the plate width and ESLOT is the energy flux. The above
may be expanded te give:

s BL Py
Esior = Png Ums Sp L (Taw = Ths! ! (pms “ms)
(a5 4y (4-56)
W - ms )

Experimental results from the work of the authors showed that:

- I (_.L) 4-57
Pms Yms Sgy (4-57)

Similarly, the boundary layer temperature profile was found to be:
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T-T. v 36 2
— - e -0z JEexpi-v iz~ ] (4-58)
Taw = Tns SgL BL

Inserting (4-57) and (4-58) into (4-56) ytelds:

- L
Eslor ® Pms Uns ¢y - (Taw = Tms! B (SBL
2
- 4-59
[-C g oy (4-59)

Expanding exp [-C (ylsgL)z] in a Taylor Series and retaining only the
first two terms:

0 SaL .y M7
EsLor * Pms Yms S b (Tow - Tns )4, (EL)

[1 - ¢ (-g-)z + 3 (;L) 1dy (4-60)
cl clz

Pms Yns Sp b (Taw = Tms) U7 GBL(%-- L —%30] (4-61a)

Let

Ky = 7 (% - ;.g + E.i;.) (4-51b)
and note that,

6, = B X/Re 1/ (4-61c)
Then

E,SLOT =N 1 Pms Ums c: L X Re e (T ms) (4-62)
where

Ki = BK1

However, the enargy flux through the slot may be expressed as:
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Ecene = m c (T -T )
SL0T 5 p-s ms

«1/5
mg cp (Ts Tms) Ki Pus Uns cp L X Rex (Taw -
But
L] = ‘
me = pgoug hs L

Therefore, Eqn. (4-64) becomes:

P Ug L < (Ts - Tos) K} s Y S, L X Rex'1/5
(Taw - Tﬁs)
Defining n as before:
" pS uS h; 2
S el S

where K; = l/Ki gives:

h
n = K:i ( pS uS ).B(X_S_) Res.Z

Pms Uns
for,
u. p. h!
. _S'8’s
Res 5

The value of K; determined from experiment yielded:

. 213, y-2.X_ Pms Yns,-.8
n = 677 (Pr)""(Re,) (H; e )

(4-65)

(4-66)

(4-67)

(4-68)

which is the same form as that of Spalding (Eqn. (4-54)), except for

the inclusion of the Prandtl number.

In conclusion, the necessity for a theoretical method has been
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shown by reviewing tha waselis oF Pagel) and Trout, 1he theoretical

analysis was the result of Spalding‘s “Unified Theory" which was sub~
stantiated Ly the resuits ot Seban and Back. The independent develop-
ment by Hartnett, Birkebak, and Eckert agrees with the form of Spalding's
result. Again, the emphasis has been on the development of a theory
rather than the use of correlations because of the necessity of extending

the results to higher temperature application.
B. 3) Penetration Jets and Convective Cooling

ATthough no specific studies have been reviewed concerning pene-
tratiy: Jets and their effect on convective cooling, two authors (Seban
et al., 1957, and Papell, 1960) have investigated the efficiency of
normal slot injection and the efficiency of a series of holes. Even
though the conditions covered in the work of Seban et al. (1957) do mot
correspond to those found in typical gas turbines, their results indi-
cate the loss in cooling effectiveness due to normal injection. The
rost ambitious work concerning the normal injection slot has been done
by Papell (1960), Included in the study was the effect of cooling with
a series of small holes injecting normally intc the main flow. Due to
the lack of information on penetration jets, it is believed that these
results will indicate the trends of cooling efficiency due to normal
injection of air.

Seban et al. (1957) studied the normal slot injection into the
mainstream and 1ts effects on filr ,aeiing efficiency. The conditions
are similar to Wieghardt's studies (Stollery and El-Ehwany, 1965) for
the heating of airplane wings to prevent icing. However, the reductior
of efficiency for normal injection from that of tangential injection
would be expected to be of the same ¢vder as for other mainstream and
slot conditions. Fig. 21 indicates a drop in efficiency of up to 59%
due to normal injection and should indicate the trends expected for
work at higher temperatures,

Papell (1960) investigated the effect of normal injection in two
systems: the slot and a series of small holes (Fig. 22). The conditions
covered are outlined in Table 4. HNote the fact that various angles of
injection were used for the slot. The angle was varied primarily as a

. Ty
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Table 4.
Experimental Conditions for the
Study of Papell (1960)

STot Corfigurations ole Contfgurations
Ty = 1500 °R Four rows  TWO rows
Ts = 780 °R of 1/4 in. of 1/4 in.
holes holes
I“ﬂf‘;‘,?:“" 90°  80°  4s° 90° 90°
0.2; 0.3;
Mainstream ot oot
0.5; 0.5 05 0.6; 0.7
Hach Number 0.7 0‘7’
Us 0.53 0.75 0.76 0.49 0.90
T Range to to to to to
s 17.47 8.38 9,05 .21 .83 12.80
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FIGURE 22 EXPERIMENTAL SYSTEM AND PLATE CONFIGURATION OF PAPELL (1960)
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means of confirming the physical model proposed. Papell suggested
that the angle of injection and the fimal angle of the flow or effective
injection angle 13,..?, could be related utilizimn the ewm of vagicris!

velocities of the slot and mainstream flow as shown in Fig, 23. The
results from such a sumation is given by:

- -1 sin 1
tan (e Ul

+
cos i rp—ﬁ):-

In correlating the results, Papell found that the cosine of the effective
angle gave the best results. The effect was then added to the film
cooling correlation used in the previously cited work of Papell and Hatch
(1961):

logs (4-69)

h,LX h: 0.125
togg n = - (S - 0.0 fEy

p’'s Ug
+ ( lo,qe cos 0.8 1eff) {4-70)

where

U U
f2E) = 1+0.4 tan” (:—m—s--'l)\ﬁenﬁ'ﬁgi.o
S S S

u, 1.5 fu/ -1 u
- (&) [/ s ]mn-;“ls-f_l.o
ms S

One variation which should be noted in Eqn. (4-70) is the definition of
the efficiency, n:

T.. -t
: Py (4-71)

n =

aw  's
where

- 1/3
Taw tms M (Pr)ms (Tms - tms)
and
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FIGURE 23 VECTORIAL SUMMATION OF VELOCITY COMPONENTS TO GIVE
THE EFFECTIVE ANGLE OF INJECTION (PAPELL, 1960)
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t = static temperature 1n degrees
T = stagnaticn temperature in degrees

The accuracy of this correlation was found to be approximatily 10%. Fig.
24 shows typical vardations in the efficliency as the siot angle was
varied with different flow rate ratios for a 1/4 inch slot. These re-
sults should indicate the variation in efficiency due to the normal in-
Jection rather than tangential injection.

An additional configuration of interest for providing coolant to
the chamber wails was presented in the previously cited work of Papell
{1960) and wil) be discussed briefly. Papell proposed the use of a
series of small holes as shown in Fig. 22. As for slots, an effective

slot hetght found empiricaliy was used in 2 correlation similar to
Eqn. (4-70):

'R AS

hy = ey (4-72)
where

As £ coolant gas flow area

l.1 = width of first row of holes

For "ms/"s > 1.0 the correlation found was:
h L X h* u, 0.125 Up,
Tog, n = - [ - 0.04] (=25 )
e (] cp’s ag ug
s

+ 10g,, cos 0.8 1 ¢ - 0.08 (T
s

(4-73)
Fig. 26 illustrates typical results for the above correlation.

Typical of the early work done in the field of film cooling, other
than the model presented very little physical insight is given as to
why the correlation should be of the form of Eqn. (4-70) and (4-73).
Therefora, the above results are to serve as an example of what the
trends are expected to be for the convective contribution from pene-
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8. 4] Porous Waiis for Transpiration Cooling

The concept of utilizing the effusion of cold annulus air through
a chamber wall made of porous materials has been considered by Tipler
(1955). As with film cooling, the object is to provide a sufficient
ajr flow to form a blanket of air to protect the wall from convective
heating. Although theoretical and empirical investigations have been
done (Eckert and Livingood, 1953, Spalding et al., 1964, Milford and
Spiers, 1961, Spalding, 1965), they will not be considered in the light
of the arguments of Tipler (1955) and Milford and Spiers (1961), which
are based on four reasons:

1) porous materials have a higher exposed surface area, due to
the nature of the material, which makes such materials more prone to
oxidation;

2) the porous material must be cooled to a lower temperature than
solid valls for equal life, thus somewhat offsetting the advantages of
havitig more continuous cooling;

3) the fine passages are prone to obstruction from impurities in
the inlet air such as dust or engine oil;

4) the porosity of the material may vary appreciably within a single

section of wall leading to uneven cooling and excessive wall stress.
Therefore, the method of cooling by effusion has been eliminated from
the present study.

C. External Convective Cooling, c2

As for internal flow, the external convective flow is assumed to
be fully developed turbulent flow and resemble flow through a pipe
(Lefebvre and Herbert, 1960, Winter, 1955, and NREC (Anon., 1968)).
Winter provided the following formulation of the effect of external
flow with constant wall temperature:

214 0.786

0.
C, = 0.0255 (5;) (hupe) (T, = Tea) (4-74)

where the Husselt number is:

e e ——— o e s

R . otk s i bk
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== = 0,025 (=) (4-75)

and 1s similar to that found by Lyon and modified by Seban and Shimazaki
(McAdams, 1954) for fully developed turbulent flow with constent wall
flux:

hc da dy p Uy c, 0.8

LA . 50+ 0.5 (A AR

The factor of 5 is eliminated because it is almost negligibie compared
to the magnitude of the other terms. The other two formulations use
studfes done specifically in pipe flow.

Lefebvre and Herbert (1960) and NREC (Anon., 1968) have approached
the problem is the same fashion and differ only slightly in the final
outcome. The studies of fully developed turbulent pipe flow of Bialokoz
and Saunders (1956) were used by Lefebvre and Herbert in the following
form:

( 0.8
k o] uA)
CZ = (.02 (;-0-:8-) (EK—W ) (Tw ~ TCA) (4-76)

NREC (Anon., 1968) calculated C, with a similar relation formulated by
Humble et al. (1951):

CZ a (0,023 (;‘—O—.T)(W ) Cpo'4 (Tw - TCA) {4-77)

Inspection of Eqn. (4-76) and (4-77) reveals that they differ by a factor
of (1/Pr)°‘4 included in Eqn. (4-77). For air in the range of tempera-
tures considered in gas turbines this factor ranges fram 1.10 to 1.15.
The relative ease of calculating either expression favors the use of

the somewhat more precise value of Humble et al. The assumption that
the flow 1s fully developed and resembles the flow inside of a pipe is
deemed a reasonable approximation for the calculation of C2'

[T
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CHAPTER V
SUMMARY AND FUTURE ErvGRTS

Utilizing the superpositioning theory, each of the terms of Egn.
(2-35) have been determined as a function of the wall temperature.

These equations are sumarized in Table 5.

The solution of Eqn. (2-35) 1s not of supreme importance at this
point in the present study. OFf more importance is a summary, firstly,
of what has been accomplished and secondly, what tems in Table 5 need
to be studied further.

In the first section of the report, the phenomena present in the
canbustion chamber were presented through the use of the conservation
equations (Eqn. (2-1) - (2-4)). A formal solution utilizing these
equatfons was shown to became an jntractable problem in the presence
of the velocity and concentration profiles existing in the chamber.

The theory of radiative transport was then developed to yield the ap-
proximation made by Einstein (1963). The superpositioning approximation
was thus shown to be the only aiternative to an exact solution.

The third chapter of the report was concerned with the radiative
terms present in the chamber and the analysis of each. The approximate
solution necessary for predicting flame radiation on a one and two
dimensional basis was reviewed. The unfortunate dependence of the cal-
culation on the empirical emissivities was also revealed. This field
will most 1ikely have enjoyed a great deal of research since 1966,
objective proposed would be to establish theoretical reasoning for
Tuminous emissivity values; however, unless a scheme for predicting the
distribution of carbon particles has been provided in the literature
or can be deduced, this endeavor will be fruitless.

One

Additional research
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Table 5.

Heat Transfer Components
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will ba conducted to determing the advancements and possibiiities of
utilizing the theory of radietive tramsport in the coibustion chimber.
In conclusion, advancements in determining flame emissivities and the
appplication of the radiative transport theory appear to be the only
steps short of solving the more exact integro-differential equation of
entrgy conservation.

As Lafebvre and fisrbart (1960) pointed out, the convective contri-
bustion in the primery zone is poorly understood. Sufficient knowledge
of the recirculation flows in the primary zone 1s not available for a
more realistic analysis to be considered (see Hammond and Mellor, 1971).
Hopefully, the lack of accuracy in detarmining the profiles in this
region will not be harmful because the anmlus fiow is the coldest
around this region. Thus, the wall temperature rise should be limited.
Judging from the numerous investigations of film cooling, this area
will hopefully provide useful advances espacially concarning theoretical
approaches such as Spalding's (1965). Fimally, as mntioned in the sec-
tion on external cooling, the analogy between the extermal flow and the
flow over a flat plate is believed to be accurate. Therefore, 1f ad-
vancements are to be made, tha analysis of convective coo'ling and heating
will be the most 1ikely fields for these advances.

Although the second chapter has seemingiy ruled out the more exact
approach, the approach of solving the conservation equations will be
considered in the future. At ihis time, the possible paths for analysis
appear to lead in two directions: 1) the exact approach through solu-
tion to the conservation equatiorc, and 2) approximate methods such as
the theory of superpositioning. Vhe literature review of articles
written since 1966 should provide intelligent direction to the wost ac-
curate approach possible.
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