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SUMMARY

This paper prosents an account of the whole of the work which
has been done at the National Gag Turbine Establishment on the problem
of air-ocoling gas turbine combustion systems. Each of the different
methods of wall cooling is discussed separately and the theory and
mechani sm of the cooling process is developed from first principles,
Certain of the methods have beon the subjects of experimental
investigations and in such cases a brief description of the test
arrangenents is given and the results are analysed and discussed.
Sufficient information is given to enable any of the various methods te
be applied to practical wall cooling problems and, in a conclusion to
the report, their relative advantages and disadvantages for different
gas turbine applications are considered. It is shown that "sweat",
or offusion=-cooling, 1s by far the most effective and efficient method,
whaile the use of "louvred" surfaces represent: the ncarest practical
approach to this ideal whach is possible while suitable porous materavals
remain unavaeilable, The remaining methods - convective cooling hy
external air flow, localised air injection to form a protective blanket
of coolant, and a combination of these two - are all less effective,
but provide means whereby conventional combustion systems may be
convericntly cooled without the need for porous materials or the weight

increases assocaated with louvred walls,
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1.0 Introduction

The advantages to be gained by the use of higher gas temperatures in intermal
combustion turbines are now well established and have been compreheusively dealt
with in the literature. Equally well established, however, are the difficulties
aasociated with the use of these higher temperatures, and considerable research
effort is going into attempts to solve them. The turbine especially the highly
stressed rotor blades has naturally been the object of most of this effort, but
a component which has hitherto reccaved much less ettention has been shown by
recent experience to present difficulties almost as critical as those of the
turbine., This component is the combustion system.

It follows from the arrangement of a typical gas turbine combustion system
that the flame tube wi1ll be subjected to temperatures considerably higher than
prevail at the turbine inlet, and although not haghly stressed, experience has
shown that severe distortion snd even complete failure of flame tubes can be
expected in periods of less than 1000 hours. While this is of less importance
in aircraft cngine practice where frequent complete overhauls and renewal of
mz)or components are usual, it makes some form of cooling essential for the
combustion systems of industrial gas turbine plant required to operate continu-
ously and reliably for long periods.

Air appears as the logical coolant for gas turbine combustion systems,
and its use is assumed in each of the wall cooling methods which are discussed
in this paper. There is always an excess avallable over the amount of air
requared to efficiently burn the fuel in the primary zonc of a combustion chamber,
and a proportion of this may be used most conveniently for cooling purposes.
The main adventage $o be gained by so doing 1s that no heat is lost from the
mein working cycle of the engine, as is necessarily the case with, for instance,
water cooling. The gas temperatures associated with the air cooling system may
be so arranged that after the lost of the coolant has mixed with the mein stream,
the resultant temperature corresponds with the maximum acceptable to the turbine.

The several slternative methods of achieving wall cooling are considered
scparately in the text which follows. It is assumed in all cases that the
necessary air flow 1s independently metered, and this will have to be arranged
bty the designer of a particular system, who must eunsure that the fluid static
prossure drops in the coolant and the main stream, from the initial point of
scparation to where they finally merge again, are equal.

2.0 Couvective Cooling by External Air Flow

This method of cooling is the most simple and convenient to arrange and
15 commonly used., It 1s especially suitable for "straight-through" combustion
chamber flame tubes, in which the dilution air is mede to flow in an annuler
passage, one bounding wall of which is the surface to be cooled. There is a
convective heat transfer process between the air and the hot wall and the latter
attains an equilibriun temperature which is dependent upon the ratio of the heat
transfer rates upon its two sides. The cooling air passage need not necessarily
be annular ond in fact is only so in the case of the cylindriecal combustion
chamber, but it is very conveniently formed between the flame tube or a similar
linoer and an outer pressure casing, the gap being dimensioned by pressure drop
considerations as shown later.

2.1 Theory of Operation

The temperature of the wall at any point in the cooling system, assuming
infinite radial conduction and none in a longitudiunal direction, is given by
the equation:-

hao Fa- (GV\T Ll ea) = hgl Fg- (Tg Ll BW) ste e pyranen (1,)ai
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If the heat transfer coefficlents are referred to the bhase surface, then
¥o # Fg = F (say), in vhich caso we may write:~-

by (B = 0) = hy (T - 8y) S cienreines (12)

The tempcraoture of the cooling air, 8,, is a variable which depends upon the
thermal capacity of the air flow and the heat transfer rate. Consider a short

length of the system, dx, distant x from the origin where 0 = T,.
The heat balanoce may be written down as
CP- Wa. 69('.1 = h.al 5F- (ew s ea) LN A A I ) (2)

In most cases F is a linear function of x, the constant being the perimeter,
which for the cylindrical surface is nd, Thus in the limit, for the
eylindrical surface, equation (2) becomes:-

dfg

dx

[}]

K1(8 -~ 0a) ceeesenees (28)

where Kl = — e o - 7™
| C . T"I
P a

Substituting for 6y from equation (1a) gives

dag K X
& = _} . ea 4 _-_1.: L4 TG- N P (Zb)
ax K I
where Ko = 1 4 EE
hg
’ K1 xd ba hy
K O hg+hg
- h' w4
Cp Vg

where h' is the overall heat transfer coefficient between the hot gas and the
cooling air and 1s given by:-

1 1 1
h! by hg
Integrating cquation (2b) with the aid of the factor exp. §§%, and applying
the end condition that ©a = Tg whem x = 0, gives the solution:-
T = T

-6, = .5__7E2
Tg a eXK-‘] > LI IR A A B (3)

Thus, the wall temperature at any point in a system may be evalunted by
first calculating the air tempersture according to equation (3) and then
substituting the result into equation (1a).

A Yist of symbols and their meanings is given in Appendix 1.
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2.2 Festimetion of the Heat Transfer Coe,ficicnts in the System

-

If a calculation is to be mede according to the theory set out above, then
a knowledge is required of the heat transfer coefficients on the two sides of
the wall to be cooled.

Unless experimental results are availsble from tests made with exactly
similar conditions of flow, 1t is impossible to meke other than an approximste
estimte of the heat transfer coefficvient between the hot gas aund the wall. This
is especially the case with combustion chamber flame tubes in which there arec
the complicating effects of flame radistion and often violent swirl, and a note
about heat transfer conditions in these is given in Appendix 2. However, where
developed turbulent flow moy be cxpected as in long uninterrupted lengths of
ducting, the well-known standnrd formula, which is reproduced here may be used
to predict the heat transfer coefficient:

0.8
Blde | oo (23

Y (ug RN R (L]-)

This equation assumes that the Prandtl number, gpcp/h, is constant at 0.71, the
value for air.

The problem of estimating the heat transfer coefficient on the air side is
usually less severe. If the equivalent diameter, dg, defined as

de = 4 x Area available for flcw,
Vetted Perimeter

is used, and the passage length is large compared with the value of this
perameter, then equetion (4) may be applied to conditions of turbulent flow.
There is some difference of opinion as to whether the total wetted perimeter or
the heated perimeter alone should be used to define the equivalent diameter in
the case of the annulus having one wall only heated, but the little experimental
gvidence that is available indicates that the former procedure is correct. In
any eveut, the form of equation (4) is such that the difference between the heat
transfer coefficients predicted by the two definitions of the equivalent diamcter
is only about 15%.

Equation (4) may be used with reasomable accuracy down to values of the
Reymnolds number, dgG/ug, of about 2,000, but as this lower limit is approached
the estimated values of the heat transfer ccoefficient become increasingly
liable %o error. Under such conditions the Nusselt number hde/A becomes a
function of the length/dismeter ratio and other variebles, but if the theoretically
calculated values of this for truly leminar flow, as given in reference (3), are
used when the Reynolds number is less than 2,000, and equation (4) used above
this valuc, then the estimated heat tronsfer rate will be on the couservative
side, since it is likely to be increased unpredictably by natural convection and
entry length effects,

2.3 The use of Fins or Secondary Surfaces.

To increase the rate of heat transfer on the cooling air side of the system,
use may be mede of fins, or secondary surfaces, which increase the effective area
for heat exchange. Secondary surfaces are not one hundred per cent efficient,
that is to say, the addition of a fin area equal to the base area does not double
the rate of heat trausfer, because the temperature drop that must occcur along
the fin if heat is to be conducted away from its base, reduces the potential
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availeble to produce heat transfer. To allow for this effect, use is made of
a factor ¢, which ls defined by:-

_ Average temperature difference over the extended surface
¢ = Average temperature difference at the base surface

Thus, if to & base surface F, fins of ares Fp are added, then squation (1) may
be written as:~

hye (F + ¢.Fp). (0, - 8,)

i

hgoFe (Tg - 6) N 1),

It is often more convenient to consider that an apparent air side heat transfer
coefficient, hy", is applying over the base area F, in which case the apparent
coefficient is given by:-

T+ 4Fp

haﬂ' - _T_ ha LRI L I A A ) (5)
Pr + 2d.y¢

- e S —— s 5k v e eI a

o h, (5a)

The value of ¢ depends upon the coefficient of thermal conductivity of the fin
material, its dimensions and the heat transfer coefficient between it and the

air, Gardner, iu referemce (4), has calculated values of ¢ for various shapes
and sizes of fin, and Figure 1, which is taken from this reference, shows the

variation of ¢ with a parameter which inc udes all the relevant variables for

the usual case of a fin of constant thickness.

2.4 The Pressure Drop throuch the System and its Fffects

A limit to the extent to which an external flow of air may be effective
for cooling is usually set by the pressure drop allowed in the main combustion
system, rcemembering that the static pressure loss in the coolant must always be
accompanied by an equivalent loss in the mein gas stresm.

The frictional pressure drop occurring aleoung the cooling air passages
under conditions of fturbulent flow is given by the formula, attributed to
Blazius;~

a7l
0,316 Vo L veveeees (6)

1
AP = - .
=

This is additronal to the acceleration pressure loss which varies with the

square of the air velocity. Thus, it follows that the pressure loss associated
with the cooling system is approximately proportional to the mean air velocity
raised to some power between 1.75 and 2. Since from equation (4) the heat
transfer coefficient varies with the 0.8 power of the velocity, any attempt to
improve the cooling effect by an increase in velocity leads to a disproportionate
increase in pressure loss.® This implies that in certain cases, especially in
high temperature combustion systems where large cooling effects are neccssary,
the pressure drop associated with the reguired cooling effect is likely to exceed
that alleowed by engine performance cousiderations.

#Should thg g%gw be lamunar, that is, the Reynolds number less than about 2,000
the term =2 55 20 equation (6) should be replaced by C/Re, C being a constant.
e [

This implies that the pressure drop varies linearly.with the veloclty, but since
the heet transfer coefficient theoretically would remein constant, the conclusiors
of the argument which follows remain unaffected, Values of C are given in
reference (3) for differently shaped passages, and for the annulus and narrow
gap it is 96. ’
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3.0 The Use of "Louvred" Surface for Cooling®

In the previous section it was shown how, by the use of secondary surfaccs
to obtain & sreater effective area for heat transfer on the air side of a cooled
wall, the cooling effect could be increased, The "louvred" well works on an
extension of this pranciple, since the method of comstruction is such that the
area for heat extraction is much larger than th~t available for heat input from
the hot gases. The surface to be cooled is so mede that there are many smll
independent passages along which the cooling air mey flow radially, finally
emerging to mix with the main gas stream. This may be achleved by constructing
a circular flame tube, for instence, from a series of awmnular discs, clamped so
that there is a gap between each pair to form the air passages, The inner
circumferences form the bounding wall of the main gas stream. A detailed
description of a combustion chamber with the {lame tube so constructed is given
in reference (5), although in this case, to reduce the number of raings required
to make up the flame tube length, they are stamped to form conical frustra, and
hence the passages are inclined to the true radial direction.

3.1 Theory of Operation

To determine the temperatures in such e system, in which temperature
variations through the fin thickness are neglected, consider an elementary
length of fin which is distant x from the point of entry of the cooling air to
the passages. There is a balance between the heat convected to the air over
the length being considered and that conducted into and out of it, which may be
written as:-

d de.
. O ~ © = A C —'-"a -"-"""W . ) o- ——W
ba 5Fa ( w a) We WIN dx (BW + a & dx
- 420w
= ?\'Wcmg_x__é_. 6}( sassssar e (7)

If £ is the heat transfer area per unit length of fin, it may be regarded
in most cases as independent of x without serious error.

Thus rewriting equation (7) we get:-
t)a- -f- (ew"'ea) = lwocml”"—‘-'vi LR BRI U B | (7&)

Now congider the heet balance of the air in pessing the length 6x

CP a 1"1"3 L] 5 ea - ha - f L] (ew - ea) 6x LR B BN B N BN ) (8)

Wy 18, in this case, the flow of air per passage. In the limit, equation (8)
becomes:«

Ch W de
Gw = Ga + -ﬂLE- —E st csetans (83)
hy.f dx

¥This method of construction for cooled flame tube walls is the subject of
Bratish Fatent No. 642,257, held by the "Shell" Refining and Marketing Co. Ltd.
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Substitgtlﬁg 1n equation (ga) for 0Op from equetion (8a) and writing
K3 for EELEQ and K, for “p-¥a,

Mo+Cm
.7
a3 a26a dba
we get Kz ~=— 4+ @ —— - K == = 0 crervneeres (9
3 5 ax2 b Tax ®)

The solution of this differentisl equation has the form

: 84x aox
€2 = A + Aye L Ape 2 crereenass (10)
where a = a4, 8o are the roots of the auxiliary equation
K a2 + a - K = O RN R 1‘1
5 8

and A, A,, Ay, are constants of integration., Substituting in equotion (8a) for
0y from equa%ion (10) gives the complete solution for the wall temperature at
any point, x, as:-

B = A+ A (1 + a4 K3)6a1x + Ax(1 + a2 K3)oa2x cevens (12)

To cpply this equation to a given design we need threc separate end
conditions with which to evaluate the constants o integratiom, A, Aqy Ao,
The three most convenient conditions are:-

(a) At the hot end of the fin, at x = L, all the heat passcs by conduction
through the surface, i.e.,

(_@_(_}_W_) = _I{‘i_‘ srsesr e (a)
( d-x )x:L ?\,WQCm vt

Hs is the heat inout to the inner surface of each fin from the hot gases.

(b) At entry to the mesages, ¥ = 0, the cooling ailr temperature is kunown,
il.e.

T = A + Ay + 4p N ()

(e¢) If heat losses from the cold side of the system are neglected, then the
air recelves Hy.heat.units per, second in.its passege through the wall, and
knowing. its mass flow rate and spe¢ific heat, the exit temperature is known,
i e 3

Hi L
13} ‘j'a .Gp

cevees (0)

’

. a4L a
Ca A+ Me VT4 age ?

In using this method of emloulation it will be found wost convenient to
ohtain the values of A, A1, A?, i1n terms of the uvakuown Hi' Then Since it is
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the velue of 6y at the hot end of the fin, at x = L, say, T, , which is usually

required & final equation can be obtained which hes only Ty as an unknown since
we have;-

Hy = hg.Fg. (Tg - Tw) carecssass (13)

Fg in this equation is, of course, the effective area availahle for heat
transfer from the hot gases to each fin.

3.2 Estimotion of the Heat Transfer Coefficieunts in the Systenm

The evaluation of the heat transfer coefficient on the gas side preseunts
difficulties similar to those described in the previous section, with the
additlonal complication of the urnknown effect upon the convective hsat transfer
process of the discontinuous nature of the wall and of the injection of the
cooling air. With the lack of more precise experimeutel evidence, all that can
be done to allow for the effects of these factors, is to assume that they cancel
gach other out.

In the air passages, with the necessarily small gaps, the air flow is
likely to be laminar in which case the Nusselt number should be taken as 8.2,
which is the theoretical wvalue given by Smith in reference (3). Should the
Reynolds number exceed 2,000, as previously described, equation (4) may be used,
with the equivalent diameter dg, teken as twloe the passage height.

3.3 Some Calculated Results

Tigure 2 shows the results of some calculatlions made according to the
theory described in this section, for a typical hot gas duct similar in
construction to that described in reference (5). The effect of a varying air
flow upon the maximum temperstures reached by the wall when constructed from
either stoinless steel or copper is shown by Figure 2a, while the effect of the
different thermel conductivities of these two metals upon the temperature
distribution in the gystem is shown by Figure 2b, Although the nmaximum tempera-
ture reached by the copper wall, (ecefficlent of comductivity = 216. C.H.U./
hr.ft.°C. )}, is less thot that obtained with stainless steel fins, (coefficient
of conductivity = 11 + C.H.U./hr.f£.°C.), the metal temperature for 80% of
the fin length is actually higher.

34  The Pressure Drop through the System

To estimete the pressure drop associated with the flow of air through the
passages in a louvred wall, equation (6) may be used with the factor C/Re
replacing 0316 /p.0.25 if the Reynolds nunber is less than 2,000, as explained
in the footnote of page 7. Unlike the difficulty met with in the method of
cooling discussed in the previous section with regard to pressure drop, the
problem with the louvred wall is sually to make the pressure drop sufficiently
large for there to be any control of the distribution of the air over the
surface to be cooled. If the gaps between each elemsut of the wall are too
big, and the throughway ratio excessive, the pressure drop across the wall is
so low as to be of the order of that in the min gas stream resulting from its
visoid flow down the duct. In such o ocase, most of the air will flow through
the wall ot the downstream end of the duct, while the upstream surface will
recelve an inadequate supply of coolant. Tt is usually unecessary with practical
louvred walls to use far more air than would really be necessary for cooling
were 1t possible to distribute a lesser amount uniformly over the surfaoce.
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4,0  The Use of Porous Walls - "Sweat" Cooling

With the louvre method of construction for a cooled wnll, as discussed in
the last section, a surface wns obiained which contained o number of passages
for cooling air flow, in which a convective heat transfer process removed the
heat that wos conducted back through the metal of the wall from its hot inner
surface. The porous woll my be considered as working on the same principle
carried to its ultimate extreme, i.e. the pores in the wall provide the many
smll possages, and hence a very large aren over which heat transt'er between
the wvall and the cooling cir may take place. In addition, since there arc so
muny smll passnges scattered uniformly over the surface of the wall, the air
Jets emerging from ecach ilmmediately coalesce to form o continuous cool boundory
layer which, under certain conditions, drastically reduces the rate of heat
transfer from the hot gas, and so adds to the cooling cffect.

The earliest experimental evidence of the effectiveness of "sweat" cooling,
as cooling by means of porous waolls is commonly called, was published by Duwez
and Wheeler in reference (6). Their porous test section was, however, only
1.5 inches long by 1 inch diameter and the need was therefore felt for some
additional experimentel data obtained from tests on a porous walled duct com-
parable in size to the gas turbine components to which 1f was hoped eventually
to apply the technique of sweat cooling. A brief description of these tests
and the apparatus used for them is given below.

L,1 Test Arrangements and Results

The arrangement of the porous walled test section is shown by Figurc 3.
It wes supplied with hot gas at varying temperatures from a combustion chanber
some 8 feet upstream, while the cooling air supp’y wos led to the alrtight box
which surrounded it, and which scrved to damp out pressure fluctuations transs
witted from the blower. The air flow rate was measured by an independent
standard orifice plote, and the gas mass flow was obtained by difference between
the air mass flow and the total value as given by a measuring section in the
min supply line from the blower. The gas temperature was measured by means of
o single shielded chromel-alumcl thermocouple Just upstrecam of the test section,
while the two uzsed for measuring the air ftemperatures are showm in the skotch.

The porous duct itself, which vas 6.4 inches in diameter and 21 inches
long, was rolled from two sheets of a porous bronze, which was originally
developed as a filtering medium, and which therefore left much to be desired in
the way of strength and resistance to high temperature. The necessary Joints
in the duct were made by brazing, o method which was not very satisfactory in
that it led to appreciable areas of the surface becoming blocked ncar the
joints, and the inevitable overhesting caused ewbritilement of the metal. The
line of eleven thermocounles used to measurc vall tcmperatures, and which were
plugoed into the vall in the mounner shown in the smoll sketch in Figure 3, was
placed diagonally opposite the longitudioal brazed joint, so that the non-
porous and hence uncooled, areas should have as little effect as possible upon
the observations of wall tcmperature.

In the coursc of the experiments, readings of wall temperature were taken
for various gas stream temperatures and gas and alr mess flows. The results are
shovm plotted in Figure 4 as cooling efficiency versus the ratio, cooling air
mass flow per unit surface area/gas flow per unit duct cross-sectional arca, a
correlation suggested by Duwez and Theeler in reference (6). The cooling
efficiencys m, ls defined by

-0,
n = & W,

T, = T,
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Oy! being the mean of the cbserved wall temperature readiungs, those at each cnd
of the duct being neglected, however, because of the large effect upon them of
the uncooled areas under the flanges.

The gros temperatures used in the tests ranged between 300 and 700°C.,
while the main gos stream Reynolds numbers were between 110,000 and 220,000,
Over this range the correlation suggested by the Authors of refcrence (6) is
guite successful, as is shown by Figure 4, from which it is apparent how easily
cooling efficicncies of the order of 90 are obtainable under the conditions
of the tests, with quite small air mass flows.

4.2 Aunalysis and Discussion of the Test Results

Since there is a very large area for hert transfer within the wall of o
porous duct, and since the air flows are quite smell, it is justifilable to
assums thot in passin: through the pores, the cooling sir temperature is raised
to that of the inmer surface of the wall. By meking this assumption and knowing
the rate of cooling air flow, it is possible to calculate the heat transfer
coefficient between the gas stream and the porous duct, but any errors that are
incurred by so doing will be such as to make the coefficients cbtained higher
than those actunlly prevailing.

The results obtained with the porous broize duct in the test rig which
hns been described, were analysed in this way, and they showed thot the Nusselt
number, based on the mean of the wall and gas temperatures, was Independent of
the rate of cooling air flow, ond for a given mnin stream Reynolds number, sensibly
constant ot a value considerably less than that which would be predicted for
similar conditions of developed turbulent flow. Analysis of the tests of
reference (6) yiclded & similar result, os is shown by ¥igure 5, but the
reduction in Nusselt number iz not so morked, and in fact, at the higher ]
Reynolds numbers is negative due probably to the extension of entry length
flow conditions to include that part of the woll in which was inserted the
single thermocouple used to measure the cooled surface temperature.

Now with the ossumptlon that the cooling air flow of Q lb/sec.ft.2 is
roised to the inner wall temperature we hove that the heat imput to the woll
iss=

where Hi' is the heat flow per unit inner wall surface aren. Bub also we have
that:-

' 1
Hy = h.g (Tg ~ 6, )

Prom these two equotions we get:-

t
Ty - Oy 2:0p
O =Ty g
= Kg (say)

But by definition the cooling efficlency, =, is given by

n o= moO

K5
K5 + 1

L1
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Thus the cooling effect in & porous wall is an expliclt function of Q/hg, if
variations in specific heat are neglected.

Now suppose it is assumed that the rate of heat transfer to a porous wall
is defined by an equation of the form:-

Nu = B ReP creerennes (14)

which implies that the rate of air flow has no effect upon the Nusselt number,
as is suggested by the experimental results. Then we have that:-

Cp Q

_ %pel ug pem crereresns (15)
B & g

This means that the cooling effect in a porous wall is an explicit function of
the parameter:-

A plot of the calculeted Nusselt nunbers against the corresponding Reymolds
nurbers from the tests of Duwez and Wheeler ylelds, on logarithmic co-ordinates,
a straight line with a slope of unity, showing n to be one, but the author's
(N.G.T.E.) results, while less conclusive because of the smaller range of
Reynolds numbers covered, indicate the value of n in these tests to have been
sbout two. Thus from these results and equation (15) it would be expected that
the cooling ef'fect should correlate against:-

2 Bgpe! (N.G.T.E. tests)
G g

tg (Duwez and Wheeler's tosta)
AL

2]
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In actual fact the value of 2 for the index u in the N.G.T.E. tests proved to
be too high and 1.8 wos taken as the more exact value; thus the parameter
becomes in this case:-

9 u_g' Re-o-a

G A

The curves obtained by plotting the observed cooling effects in the respective
test series ogaiust the appropriate parameters are shown by Figure 6, where it
will be ohserved that the degree of correlation is remerkably good in both cases.
This appears to coufirm that an equation of the form of equation (14) completely
defines the rate of heat flow to a cooled porous wall, at least for air injec-
tion quentities of the ordsr of those used in both test serics which were
sufficient to maintain the boundary layers at the meximum thickness correspond-
ing to the flow conditions, as explained helow.

Now it has been shown that the cooling effiolency, n, is glven by:-

X
" = K i1 RN N (13)
5
c Q 1=-n
and K5 = —%8' .'G-.;']E.J' Re sessa N s (15)

Thus from the curves of Figure 6 it is possible to colculnte the values of B

in equation (15), The values of this constant to which the lines drawn through
the results of the two series_of tests correspond are 4.72 x 10~8 for the
N.G.T.E. tests and 3.58 x 103 for those of Duwez and Wheeler. In other words
the rate of heat transfer between the hot ganses and the porous duct in the two
cases can be represented by:-

NoG‘lT'Eu ’teB‘tS:— Nu = 4.72 10-8 Re1‘8 see st as sy (16)
Re
Duwez! and Wheeler's tests:;~ Nu =  3.58 000 venennenes (17)

The discrepancy between the retes of heat trausfer and the variation of
these with Reynolds number in the two test series is believed due %o the
difference in gizes of the respective porcus ducts. Now it is shown in
Appendix 3 that if is the heat transfer coefficient between a moving gas
stream and a surface, between which there is 2 laminar boundary layer of thick-
ness & and conductivity Ay, through which heat transfer can take place by
conduction alone, then hg is given by

hg = :—:—EMEEZGE h, ceeerevess (AB)

where hg is the $rue convective heat treansfer coefficient as is used in Reymolds
analogy. This heat traunsfer coefficient, hg, is approximetely a liunear function
of Reynolds number and it is probasble that In Duwez' and Wheeler's short test
section there was no effective boundary layer due to the effects of both the
thermal and fluid entry length, and therefore the overall coefficlent, hg, was
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virtually equal to hg. In the long porous duct used by the author, however, in
which developed turbulent flow condrtions prevailed, it is believed that the
injcction of the cooling air led to the formation of a relatively thick boundary
layer, the equilibrium thickness of which was a function of the gas stream
Reynolds number alone, and it is the nature of this function that determines the
manner of variation of hy, and therefore »f the Nusselt nwimber, with the Reynolds
number. Although no qualitative values of h, and § are available, if the term
5 he/hy, is large compared with unity, for the observed veriation of Nusselt
number with Reynolds number, as given by equation (16), to be correct would
require that the boundary layer thickness in a sweat cooled duct is inversely
proportional to the 1.8 power of the Reynolds number under conditions of
developed turbulent flow.

The foregeoing analysis of the sweat cooling process has, of necessity,
been somewhat empirical because of the complexities of the transfer processes
1nvolved. There have been, however, several theories of sweat cooling published,
all of which involved certain simplifying assumptions. Rannie, in reference (7)
for example, has developed a theory of porous wall cooling which assumes that
the laminar boundary layer thickness is the same over a sweat cooled wall as for
flow through an ordinary pipe. The rcsults of this theory are shown on Figure 4,
in which the predicted cooling effects are considerably less than those observed
in the tests mads by the author and described in this report, and this dlscre-
pancy appears to confirm that the injection of the air through the wall under
developed turbulent flow conditions docs result in an appreciable thickening of
the laminar boundary layer.

Grootenhuis and Moore in refercunce (8) give a theory which they have
developed by solving, by an approximate method, the fundamental equatiouns of
fluid motion with the boundary conditions approprlate to flow over a porous
flat plate through which air is injected. It willl be noted that these authors
use the parameter (Va/Vg)2 Re to correlate their calculated cooling effects,
which is equivalent to (Va/VgWVRe. This parameter is equal to the parameter
given by equation (15) with n = 0.5 for the isothermal case and the value of
one half for n corresponds to the theoretical figure for laminar flow over a
plate, which is the condition assumed by the authors. In reference (9)
Grootenhuis and Moore have compared the valucs of sweat cooling effects which
their theory predicts, with the exporimencal observation of Duwez and Wheeler,
and the author, and although their calculated curve memkes a fair mean through
both sets of results (between which, upon the correlation of this report, there
is a larpe discrepancy) the scettor of the points about the curve, especially
in the horizontal direction, is so large as to make incounclusive any comparison
made between the theoretical and experimental valucs.

Lhe3 Sweat Cooling in Practice

While the results with the test rig previously described may be considered
as applicable to sweat cooled walls under conditions of developed turbulent flow,
and in which radiation is negligible, these conditions rarely occur in gas
turbine combustion systems. They may, however, be assumed, in certain cases, in
turbine inlet sections where there is likely to be a stable boundary layer such
as is assoclated with accelerating flow.

In general, however, the ideal conditions that prevailed in the test rig
do not apply in practical problems. In combustion chamber flame tubes in which
the highest cooling effects are needed, there is usually the vioclent swirl used
to stabilise the flame, and often the effects of radiation from the burning
fuel to be taken into consideration. After the completion of the tests upon
the porous bronze duct which have been discussed, this was operated as a
combustion chamber by inserting a flame stabilising baffle at its upstream end
through which fuel was injected and burnt within the duct. It was not possible
to obtain exact results of quantitative value from the rig under these conditious,
but the measurements that were made indicated that about two and o half times as
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much air was required for equal cooling effects as compared with the origimal
tests. This increase moy be regarded os resulting from o larger convective

rote of heat transfer, since the flame within the duct was not.very luminous,
being of the type usually associated with distillate fuels, and radiation could
therefore be neglected. Where radiation is likely to be appreciable, its effect
my be taken into account by adding the rate of radiant heat transfer to that
given by equation (15) - or a modification of it to allow for the effect of
swirl - and equating the heat input to that picked up by the air in its passage
through the wall, assuming that its tempersture is raised %o that of the inuer
surface; 1i.e.

Na = L.72 1070 Re'*® vesesreses (16)

for developed turbulent flow. TIf the factor of 2.5 is accepted to allow for
the effect of swirl as observed in the reported tests on the porous brounze
duct when operating as a flame tube, then equation (15) caun be modified to:-

Nu = 1-2 10—7 Re1‘8 R EEEEE N (16&)

Thus hy = 1.2 10~7 ge1+8 ML
a

The heat input by convection, H,, is thus

Hoe = hg (Ty - 1T,) Py

By radiation, the heat input Hp. is gilven by

Hy = hr(Tg"Tw) Fy

as explained in Appeudix 2. Therefore the heet balance to be solved for T, or
Qs whichever is required is:

H, + H, = P, O o (T, ~1,) ereereases (18)

This method of calculation is, of necessity, only empirical and liable to
considerable errors from inexact estimate of the requisite heat traunsfer
coefficients, but it may be used to assess approximately the cooling effects
likely to be experieunced with porous walls working under conditions similar to
those described.

The greatest single difficulty in the way of the universal application
of sweat cooling is the lack of a suitable porous metal having the necessary
properties of tensile and fatdgue strength, ductility, resistance to moderate
temperatures and controllable permeability. These requirements are of course
formidable, but considerable progress has been made towards overcoming them,
and the rewards to be gained from so doing will warrant the effort required.
However, the metallurgical problems associated with the technique of sweat
cooling are outside the scope of this report.
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4ol The Pressure Drop in Forous Walls

The pressure drop for conditions of laminar flow through a porous material
is given by D'Arcy's equation which is given in reference (10) as:-

QL Y Oo

5 = — A ¢5).
- P, 14 2P0|J, -
Py and P, are the air pressures in lb/Tt.2 on clther side of the porous wall

and ¥ is the coefficient of permeability ~nd hos the dimpencions of an aresa,

usually square inches. Where turbulent flow occurs, (no exact criterion for

the point of transition appears to have been decided), a more complicated and
general equation by Rose in reference (11) should strictly be uscd, but it will

be found that for most gas turbine applications of sweat cooling D'Arcy's

equation applics with sufficlent accuracy. For small pressure differences this -
equation may be simplified to:-

oL X %
T vesvenvees (192)

from which it is apparent that the flow rate is proportiomal to the pressure
drop.

It hns been suggested that over long periods of operation in industrial
atmospheres, the permeability of a porous metal used for sweat cooling will
decrease due to the deposition in the pores of so.id matter preoviocusly suspended
in the air. If this were to prove the case, and no successful antidote were
found, it would provide a serious objection to the use of sweat cooling for
many gas turbine applications.

Tests made to determine the susceptibility of porous metals to blockage
by atmospheric deposits have shown conflicting results. Observations of perme-
ability mede upon the porous bronze duct used for the original swest cooling
tests described in this report, showed it to drop off rapidly during the first
fow hours of operation, after which it became stoady at sbout 40% of the origimnl
value. ILater pressure drop tests upon various small porous specimens in, however,
a very oily atmosphere, showed the permeability to drop off more and more rapidly
until, finally complete blockage occurred. These and other observations showed
that the rate of blockage of a porous wal™ depeunded very much upon the nature
of the particles suspended in the cooling air, and olliness in particular was a
thing to be avoided. From all the observations, aolso, two other important, and
general, observations could be drown. Firstly, that deposits in a porous
material can, in most cases, be removed, by an air blast from the downstream
side, and secondly, that o comparatively crude filter ~ a thickness of rag was -
very effective in the case of the cily atmosphere - is sufficient to remove the
offending particles from the air stream and to prevent any decrease in perwe-
ability over long operating periods.

5.0 Cooling by Locallsed Alr Injection

The object of this method of cooling is to reduce the rate of heat
transfer to a surface by creating over it a layer of comparatively cocl fluid.
The ideal of the laminar boundary layer through which heat trausfer can take
place by conduction, or radiation, only, 2s was achieved with a porous wall,
cannot be attained by injection through orifices of a practical size in an
ordinary metal wall., However, by careful choice of injection velocities and
arrongements of the inlet ports, it is possible to form a protective blanket
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of o mixture of cooling air and hot gas which although moving with the main stream,
does restrict the comvective rate of heat transfer to the surface over which it
is formed.

The most effective way of creating this "boundary layer", as it is called,
although the term does not apply in its strict aerodynamic sense, 1s to inject
the cooling air through rows of sultable ports, arranged around the perimeter
of the surfacc to be cooled. The layer thus formed moves dovnsiream over the
wall of the duct, "decaying", i.e. increasing in temperature, as it docs so,
as a result of a process of both mass and heat transfer from the main hot gas
stream.,

5e Theory of Operation

A theory of the operation of the ideal boundary layer formed by .localised
injection of air through rows of ports is given in Appendix 4, but a less
rigorous alternative which involves a major simplifying assumption, is bhetter
suited to explain the mechanism of the cooling process and to snalyse observed
experimental results.

Consider an elementary length of the wall to be cocled, distant x from the
point of injection, and the heat balance between the heat traunsferred to that
part of the wall avd that conducted along it becomes:-

_ a ae a9y,
hL.f'éx(eL"eW') —"hwutofg-d“:xf(aw'i-—éx-‘iéx)“—é;g .-(20)

f is, in this case, the perimeter of the surface. Rearranging this equation
gives:-

6 2 O Ca
Lnew = —1{6 "'dx'—z" Pesessnsay (2 )
?\'wo t
where =
K¢ By

This is similar to equation (7) of section 3, but in this instance, to solve
equation (20a) an assumption must be made as to the form of the function that

Op, is of x. Now, if the mss flow of cooling eir is small compared with that

of the main stream, it may be assumed that, after being initially formed at

some temperature, say Tg - A6, which is between the air and gas temperatures,

the boundary layer will move in the direction of increasing x wilth lts tempera-
turo approaching that of the mein gas stream. It is suggested by the form of

the general solution of the ideal boundary layer given in Appendix 4 that the
temperature distribution along the duct follows an exponential law, and the
simplest possible equation of this form satisfies the condltions assumed above i.e.

BL = Tg-ﬁe emm s e cs 0t uae (21)

The use of this equation in which = is assumed comstont, to solve equation
(20a) represents the major simplifyins assumption that was mentioned previously,

but which, however, appears to be Justified by the experimental results as
shown later.

The value of the boundary layer temperature =t any.point, 1,0 as given by
equation (21) may now be substituted into equation (20a) to give:=

cex a2 By
Tg—Ae,e -OW m - KG"‘?‘;'E— [ EREEE (22)

+
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which may be integrated to:=-

- XX
Ty = & = Aze x/VKg + Mo -:/ﬁ% + A%

R’ ceees (23)

Az and A, are the constants of integration to be calculated from the end
condrtions.

5.2  An Experimental Investization

The method of wall cooling under discussion in this section was the
subject of an experimeuntal investigation undertaken by the author. The test
rig shown in Figure 3 and described in the previous section was used. The
porous duct was replaced by oune rolled from 22 S3.W.G. stainless steel sheet in
which were formed the different injection port arrangements to be tested. Wall
temperature meesurements for various conditions of air and gas flow were made
with thermocouples which were welded to the test section, beneath the lagging
with which it was surrounded ito reduce cxternal heat losses from the wall to
the incoming cooling air,

There is an infinity of shapes and sizes of injection poris which could
be used, all producing their different cooling effects, but in general, an
arrangement of holes iz the most convenient to use in gas turbine ducting, and
the effect of injection through these was studied in deteil. Three separate
arrangements were used, all having the seame area:-

(1) A single row of 1/4 inch holes (Test Series A)
(2) A double row of 1/8 inch holes (Series D)
(3) Four rows of 1/16 inch holes (Series F)

All the holes were pitched circumferentially, and in the arrangements
(2) and (3), axially as well, two diameters apart. Where more than one row
vms used, the holes in adjacent rows were staggered with respect to one another,
so as to form a complete injection ring around the circumference.

The additional arrangement for achieving boundary layer cooling, which
suggeats itself for application to combustion chamber flame tubes in particular,
is that in which the air is injected axially through an ennulus., It wag not found
possible, however, %o maintain an annulus of accurately known dimensions during
the tests because of thermnl distortion, but it was known, and is in fact obvious,
that the air injection wvelocity should equal that of the main gas stream for the
optimum cooling effect, aund it was felt that the data upon boundary layer decay
rates obtoined from the tests with injection through holes were applicable with
suf'ficient accuracy to the annular injection case.

5.3 Analysis of the Test Results

The form of the wall tesperature distribution associated with boundary
leyer cooling by localised radial air injection is shown by Figure 7. It wall
be seen how the temperature rises ropidly irmediately after the injection axis,
the rate of increase falling off, however, until nt o comparvtively short
distance downstream, the tempernture is rising very slowly along the duct,
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This form of temperature distribution is represented by equntion (23},
and the unknown coeffilcients in this equation may be evaluated from the tesgt
results. For thc cose of a single axis of injectlon only, the coefficient A3
must be zero since the left-hond side of the equotion does not tend to infinity
with x. The value of K6 my be calculated if o value is token for the heat
transfer coefficlent hy, and since developed turbulent flow conditions applied,
the valuc given by equotion (4), poge 6 wos taken as giving the best estimnte
possible and one sufficiently accurate for the purposesof calculation, since
Kg is used ouly as its square root and i1ts effect is wnot very critical. Thus
there remnin only three unknowngto be ecalculated from the temperature distri-
bution observations, i.e. 4, « and Ay. These were determined by drawing mean
curves through the experimental points of well temperaturc plotted against
distance from the point of injection, taking three typlcal stations on sach of
thee ourves, and solving the equations cobtained by makang the appropriate
substitutions in equation (23). The values of the three factors so obtained
wzll be oconsidered separately.

(1) The Initial Temperature of the Boundary Layer.

According to equation (21), at the injection axis, i.e., at x = 0, the
temperature of the boundary layer is given by

(HL)x-'-:O = Tg - Ae [N N NN NN N (213)

Thus it follows that, upon passing through the injection ports, the air,
initially at o temperature Ty, mixes almost instantansously with sufficient of
the hot gas to raise its temperature to that of the bovndary layer as given by
equation (21a) above. TFrom the values of A8 calculated from the test results
in the manner described, a mixing factor N was derived, which is defined as the
nunber of pounds of gas at a temperature T, required to mix with one pound of
air at & temperature Ty to produce an initlial boundary layer temperature of

T, - 89. This factor N was found to plot against the ratic of the mean axisl
pas velocity to the radial air injection velocity based on total port ares, as
is shown by Figure 8, and it appears to reach o minimum dependent vpon the port
arrangement, when this ratio is unity. For the single row of holes the minimum
value of the mixing factor is two, for the double row, one, and for the quad-
ruple row, a half. The relation between these minima is quite logical, for,

if the munimum value for N of 2 is accepted for the miugle row of injectiom
ports pitched at two dlameters, which occupy half the circumference, then a
minimum value of 1 would bhe expected for the double row which takes up the whole
circumfercnce, and a value of a half follows for the quadruple row which is equal
0 two complete circumferences occupied by injection ports.

(11) The Rate of Decay of the Boundery Iayer

After the period of mixing between the injected cooling air and the hot gas

near the surface is campleted, the boundary layer moves dom the duct wall, increas-
ing in tcmperature as it does so, according to equetion (21):-

- oo X

= Ape cerneasses (21)

The increase in temperature is due %o heat exchange between the main gas stream
and the cooler boundary layer, partly through further mixing and partly as a
result of the usual processes of convection and conduction. The rate of heat
exchange would therefore be expected to depend primerily upon the degree of
turbulence in the gas stream, and hence, for developed flow, upon the Reynoclds
number, and the asscciated rise in temperature within the boundary layer, upon
the iunverse of its mass.
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These expectaotions are to some extent confirmed by the experimental
results. Figure 9 shows the variation of the exponential index «, which is a
measure of the rate of decay, with the mass of the boundary layer at o substen-
tially constant Reynolds number. In spite of the scatter, it is found that the
mean line through the points is a reciprocal curve, being & straight line with
a slope of minus unity when plotted on logarithmic co-ordinates.

The results of the loboriocus calculaticons necessary 4o analyse the experi-
mental observations were very sensitive to inaccuracies in wall temperature
measurement, and this condition was greatly magnified in the case of the index
%, because of the warrow range of values of this factor which were covered
during the tests, due to the limitations in the air flow available to the test
rig. However, an attempt has been made to correlate the observed values of
this decay factor with a parameter Reg.d/(N + 1)Wy, and the result of so doing
is shovn by Figure 10. In spite of the scatter of the points about the mean
line, o distinct trend in the results is apparent. The use of this parameter
involves the assumption about the linear effect of the Reynolds number upon
the rate of heat trousfer from the gas stream to the boundary layer, an effect
which wos observedin the last section in conmection with the sweat cooling
results. There is, however, no experimental justificotion for the inclusion of
the duet diameter to allow for the effect of surface area upon the rate of
decay of the boundary layer which covers it. It appears, however, reasounable
to assume as a first approximstion a linear variation between the surface ares
and the mass of the boundary layer required to cover it to produce a given
ecooling effect. It will be found that the range of the parameter Reg.d/kN+1)?%
covered by the experiments reported here includes most gas turbine duct
applications, and that the curve of Figure 10 gives an indication of the values
of the decay factor to be expected under similar conditions of developed
turbulent flow. The general prediction of these decay fnctors is subject to
the same limitotions and difficulties as those met with when attempts are mnde
to estimte heat tronsfer coefficients under conditions of undeveloped flow.

(111) The Additional Cooling Effect at the Injection Axis

Figurc 7 shows the wall temperature distribution associated with localised
air ingection, and upon the same figure has been drawn the curve of boundary
layer temperature calculated from the appropriate values of A9 and the decay
index; «+ It will be scen that, in addition to the difference marked A, between
the gos stream temperature and that of the boundary layer at the injection axis,
there is o further reduction in wall temperature, B. Now at this point, i.e.,
ot x = 0, the woll temperature is given by equation (23) as:-

AQ
1-1{60:2

Thus, since in most practical cases K§ « 2 can be neglected compared with unity
without incurring an error of more than 2%, A3 + A;, or A, when there is o
gingle oxis of injection ounly, represents the addi%ional %egree of cooling
produced by the heat extraction of the air in flowing through the injection
ports. As Figure 7 shows, the effect 1s o ropidly disappearing one, and except
when the injection axes are very close together, since the maximum temperature
reached by the woll is the value of most importance, it is sufficient for the
calculation of cooling effects to estimn'e the boundory layer temperaturc
distribution from the terms A6, i.e., N, and the decay index, «. The cooling
effect at the axis remnins of imporitance, though, since, by it, the structure
is kept coolest at the point where it is weakened by the drilling of the
injection ports.

T, - O = Az + A+ cessresass (22a)

g w
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5:4 The Practical Application of the Method of Cooling

By using a sufficient number of injection axes suitably spaced, any
length of wall of a hot gas duct may be cooled by the formation of a protective
cooled boundary layer, providing that sufficient air is available. The best
effect is obteined by initially forming the boundary layer by axial injection
of air at the gas stream velocity through an annulus, as may be conveniently
formed between the baffle and the flame tube of a combustion chamber, and then
renewing the layer by radial injection through rows of holes where neceasary.
An injection axis consisting of a double row of holes staggered with respect
to one another to form a complete injJection ring is the most suitable arrange-
ment, and the hole diameter should be chosen sc that the available air supply
gives the requisite injection velocity. In some instances, however, sand this
is especially the case at the point of first forming the boundary layer and
where axial injection is not easily arranged, it will be necessary to use a
quadruple row of holes whereby less mixing, and therefore a cooler boundary
layer, results than is the case with the double row. Diagrams of a combustion
chamber which is iuntended for long-life operation, the walls of which are
meintained at temperatures less than 530°C., with a mean gas outlet tewmpersture
of 750°C., are given in reference {12). Boundary layer cooling as discussed
in this section is used %o achisve the low wall temperatures of this chomber,

a succession of axlal injection stages being used for the flame tube, while
the outlet seotion in which, as is general, the heat transfer oonditions are
less severe, is cooled by a boundary layer formed by radial air injection,

The only pressure drop associated with cooling by localised air injection
is that neoessary to accelerate the air up to the required injection velocity
in the ports. This is given by:-

= i
AP = 3 = . ceresaness (24)

where V 1s the velocity based on total port area and the coefficlent of discharge i8
taken as 0.61, the value for negligible velocity of approsch. The pressure

drop given by equation (24) is in many cases very low, and in order to control

the rate of flww of air it is often necessary to insert & secondary controlling
restriction in the cooling system. An example of this is found in the combustion
chambar, to which reference has already been made above.

6.0 The Effeet of Combined Convective Cooiing_py External Air Flow aud
Localised Alr Injection

The boundary layer formed by the method of localised injection as described
in the previous section, although reducing the couvective rate of heat transfer
o a surface offers no, or very little, resistance to radiant heat transfer, and
this reduces the effectiveness of the cooling system when it 1s required for a
combustion chamber flame tube in which an intensely luminous flame is expected.
However, prior to injection, the air may be made to flow over the outer surface
of the wall to be cooled, thereby producing a cooling effect as described in
gsection 2. In this way a two-fold effect is achieved in that the boundary layer
method of cooling, with its low pressurec loss requirements, reduces the rate of
conveotive heat transfer co the well, thus increasing the effectiveness of the
external circulation cooling process without adding appreciably to the associated
pressure loss, which, as explained in section 2 is uswally the limiting factor
with this method alone.
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6.1  Theory of Cperation

To cxamine methematically the method of cooling, consider the rate of
heat transfer to and from the wall to be cooled. When equilibrium conditions
have been atiained we have:-

hy (O = 83) = hy (67, - 6;,) + h, (Tg = Oy) N ¢y

But according to equation (21), in the previous section, 9; is given by:-

=X

Tg - BL = AB-O

vesreseass (27)

where x is measured from the point of injection. If, in the arrangemsnt under
discussion, the air in the cooling passages and the boundary layer over the hot
surface of the wall, flow in opposite directions, as is unecessary for the best
cooling effect, and x is measured from the point of entry of the air to the
cooling passages, which are of length L, equation (21) becomes:-

~L
Tg s eL = Aececc (x )

Substituting for € in equation (25) gives:-

eoc(x-L)

by (8, = 6,) = by (Tg - 46, - ew) + h, (Tg -8) ... (2%)

From this point the theory of the cooling process follows closely that developed
for externnl convective cooling alome in section (2).  Substitution for & in
equation (25a) is made from equation (2a) on page 5, 1.e.

d 6
a = K,] (ew-ea) LB SR (2&)
The substitution gives
2,2, Tg (hy, + hp) = g, IR R N hy, 6y - i S hy 8,
K4 dx Ky ax Ky, &

TR rAvrER S (25b)
Rearrangement of this equntion gives:-

% (x=Le
—— - X=
ax + K7 ea — K? Tg - KB Aee sessaanasy (250)
+ h
where K7 = iy L * Ky
hy + hy + by
by
KB = K1

ha'*hr‘LhL.
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Integrating this equation with the aid of fthe factor eK7x and inserting the end

condition that €, = T, when x = O gives:-
-l
A6 K x=L) Kg dge” ©My -K
Tg - ea = 8 e( s + (Tg - TB -~ 8 )B 7x s (26)
Ky + = ( K7 + « }

A similar process with the case in which there is uno radiant heat traunsfer, or

in which it can be neglected, i.e. hyp = 0, gives:~
B K9 (x-L)e . ( 0 K9 -al) Kex
T, -8 — T, = T, o =g e e (2
g ~ ‘a Ko+ e + (T B kv ) (27)
where ay as given on © i.e
= — v +€e
Kg X g page
AR
- CP Il'ra

Neither equation (26) nor {27) can be solved explicitly since it is
necessary to know the air temperature at the point of injection, i.e. at x = L,
in order to calculate the initial boundary layer temperature fromthe appropriate
mixing factor N. But a value may be assumed to start with and the corresponding
value of AB substituted iuto either equation (26) or (27). If the calculated
value of the air temperature at x = L does not then agree with the assumed
velue the process must be repeated until agreement is obt ained. Having thus
derived the final equation needed to evaluste the air temperature, 65, at any

oint in the cooling system, values of this may be substituted into equation
?25&) and the well temperature distribution calculated.

As is apparent from the foregoing theory of the cooling process; the
method is very similar to that ilnvolving extermal air flow alone, as ils
described in detail in section 2. To estimate the associated pressure drop,
the value given by equation (6) should be added to that given by equation (24),
while if necessary to increase the rate of heat extraction from the air side of
the system, secondary surfaces may be used in the manner described ou page 6.
The only difference between the method of cooling described in this section and
that of section 2 is that in this case the gas side of the wall is swept by the
comparatively cocl boundary layer instead of by the hot gases, an effect which
is simply achieved by dividing the air passage into lengths to correspond with
the injection axes, and drilling in)ection ports of the requisite area in the
wall at the end of each section.

7.0 Conclusion -~ A Comparison between the Different Methods of Wall Cooling

In this report several methods of cooling surfaces which are swept by
hot gases have been counsidered, in all of which, since the principal applicetion
of the methods is to gas turbivne combustion systems, air is used as the coolant.
Each of the methods has certain advantages and Jisadvantages which are of
varying relative importance, depending upon the duties of the gas turbine for
which the cooled combustion system ls intended.
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A comparison between the different methods of cooling which have been
discusged is mnde by Figure 11. which shows the results of some caolculations
undertaken to assess the cooling effects possible in a typical, but hypotheti-
cal, hot gas duct, the walls of which were cooled by varying air flows used in
each of the methods described.

It is apporént from Pigure 11. that by far the most officient and effec-
tive of these mcthods is sweat cooling, which uses the porous wall with its
large orea for hest extraction and which produces, in certain instances, the
additional effect of a reduction in heat transfer to the cooled surface by
virtue of a thickening of the laminar boundary layer, through which heat can
pass by condugtion alone., The umaform distribution of coolant and cooling
effcot asscocinted with swent cooling mnke it, thermodynomically, the ideal
method, since no cooling effect is wasted by mintaining one point of the
surface at some excessively low temperature in order that a second shall not
exceed its allowable maximum. This factor, coupled with the effect of the
large internzl surfoce area which makes resistance to heat flow on the air
side negligible, maintains sweat cooling as still the most effective method
cven when the hot gas flow conditions, os in the entry lengths associated with
obrupt discontiruities in flow, are such that no appreciable reduction in the
rate of heat trausfer to the wall is caused by the injcction of the cooling
air.

Unfortunately full cdvontoge of the merits of sweat cooling cannot yet
be token, becouse the porous metals comwercially aveilable all need cooling
to temperatures which are, in engines which include a high efficiency heat
exchanger, lower than those prevailing at entry to the combustion system. As
wos poilnted out in section &4, however, the advantoges to be gained from the
availability of a porous mterial having properties suitable for gas turbine
ducting warrant any metallurgical effort required in its development,
becouse the need for such an effective and efficient means of wall cooling
will become increasingly urgent as combustion chamber outlet temperatures
increase, and thus mke less air available for wall cooling,

For reasons similar to those given in explaining the effectiveness of
sweat cooling, the louvred wall supplies the second most efficient method of
thosc congidered. I% falls short of sweat cooling with no "blankecting" effect
only becausc it is not practicable to construct a louvred surface containing
as many air passages, and hence as large an internal surface, as is found in
the truly porous wall. The louvred combustion chamber flame tube, as described
by Lubbock 1u reference (5), is in effect, the result of an attempt to creatc
artificially a porous wall.

The calculations on which Figure 11. is based assumed that the mode of
heat transfer from the hot gas to the surface to be cooled was by convection
alone, and the erformance curve of the louvred wall given in this figure is,
apart from that of the external air flow method alone, as described in scction 2,
the only one which is not lowered by reploacing part of the convective by
radiant heat transfer. This is because the louvred wall depends for no part of
its calculated cooling effect upon & reduction in heat transfer by blanketing,
and the effectiveness of the cooling method which still results makes the
louvred wall particularly suitable for the flame tubes of large low velocity
combustion chambers in which the intensely luminous flames associated with the
combustion of heavy fuel oils or coal are expected, and wherein radiant heat
transfer for outweighs that resulting from convection. The main disadvantage
associated with the louvred form of construction - its rclatively great weight
‘and bulk - my only be of secondary importance in such cases, which are likely
to be either mrine or power station gas turbine applications, in which
savings in weight and space can be sacrificed in the interests of relisbility.



- 06 =

Revort No. R.1O01

Each of the remaining three methods of wall cooling, results in non-
uniform surface temperature distributions and therefore, siunce it is the
highest temperaturc reached in o system which must be used to assess the
cooling effect, they are necessarily less efficient than those which use
either the porous or the louvred wnll. Of the three methods, as would be
expected, that described in section 6. which is o combination of the other
two, i3 the most effective and should be used whenever 1t 1s necessary to
obtain the highest degree of cooling with a given air flow and allowable
pressure drop without resorting to either porous meterials or the louvred
form of construction. The remoining two means of wall cooling, those which
involve either a coutrolled external flow of air, or localised boundary layer
injection, produce roughly egual cooling effects, the actual relative values
depending u-on the allowable pressure drops in the system. Both require the
minimum of complication in constructional arrangements ond arc especially
guited for moderate outlet terperature combustion systems in which there is a
lorge mass flow of air in excess of that required to obtain efficient primery
zone combustion,

Briefly, reviewing theu the availsble methods of wnll cooling for gas
turbine combustion systems as described in this report, we have, firstly, sweat
cooling, which with the development of a suitnble porous meterial would become
the universal method. Secondly, there is the heavy and expensive louvred wall
which should only be used as & last resort for flame tubes subjected to the
most arduous heat transfer conditions in which reliability and length of life
are of supreme importance. Thirdly, there is the less efficleunt but still
effective cooling method which involves both cxtermul air flow and localised
injection, which can be used to increase the working life of ordinary types of
combustion system, while either of the remaining two methods, while not
capablc of high cooling effects, cach possess +the virtue of extreme simplicity.
Pinally, however, from a study of 2ll or any of the cooling systems which have
been described, onc conclusion emerges which is almost obvious; that is, that
in any cooling problems the associnted difficulties, like the quantity of coolant
required, incresse with the size of the surface exposed to the hot gases, and
therefore it should be the aim of the designer of any combustion system to keep
the area of the walls to an absolute minimum.
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APFENDIX T

Nomenclature Used in t he Text

.A, A1 ] Az, etc-

845 855 b1, b2.

txf

]

o=

jus]

&

Re

Constants of integration used in
various equations, and defined
appropriately in the text.
Expounential indices obtained in the
solution of various eguations, and
defined in the text.

A constant

Area available for the conduction
of heat in the metal of a wall.

Specific heat at constant pressure.
Diameter of a duct

Bquivalent diameter as defined in the
text,

Bmissivity

Surface area for heat transfer
Heat transfer area per unit length
¥ass veloclity

Acceleration due to gravity (32.2)
Rate of heat flow

Coefficient of heat transfer

Equivalent coefficient of heat
transfer due to radiation (see App.2)

Coefficients used to facilitate the
solution of various equations and
defined appropriately.

Longth of o flow possage

Nusselt number hde/y,

Pressure drop |

Fin pltching

Cooling air mass flow per unit
cooled surface area.

Reynolds number da,3/pg
A knowvm and coustant tempetrature

Metal thickmess
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dimensionless

£t.2

C.H.U./1b °C.
4.

ft.

dimensionless
£t.2

£4.2/Pt.
lb/éec.ft.z
ft./sec.?

C-H.U-/SBC.

C.H.U./ft.2%8¢c.°C.

C.H.U./ft.%sec.°C.

f't.
dimensionless
1v/ft.2

ft.

lb/SeC'»oftoz

dimensionless
°c.

ft.



W, a

yr

B1, B2

Ad

Suffix g
Suffix a
Suffix w

Suffix L
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Velocity

Cooling air mass flow

Distance from an arbitrary origin
Fin height

Expounential index used as a measurc
of the rate of decay of a boundary

layer.

Constants of integration used in
the solution of cquation (A9a).

Cocfficient of permeability of a
porous wall.

Boundary layer thickness

A temperature at any peint in a

system

The temperature difference between
the boundary as formed initially by
localised air injection, and the
main gas stream.

Specific weight

Coefficient of viscosity

Coefficient of thermal conduc-
tivity

A parameter used t» define the
efficiency of secondary surfaces,
and defined in the text.

Cooling efficiency, defined in the
text.

Relors to the hot gos strcam

Refers to the cooling air

Refers to the wall being cooled
Refors to the boundary layer associ-

ated with certain of the cooling
methods.,
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ft/sec,
1b/sec.
4.
ft.

e,

ftl

°c.

°C.

1b/ft.”
3bo"'ECCa/ﬁ20

C.H.U./ft.5ec.°C.

dimensionless

dimensionless
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APPENDIX IT

A Hote upon Heat Transfer in Combustion Chamber Flame Tubes

I% is rarely the case that the ideal conditions of developed flow to
which the standard convection heat transfeor equations strictly apply are found
in practice, although often such equations, of which equation (4), page 6, is
the most commonly used, may be applied without serious error. But in combus-
tion chambers the conditions are normally so far removed from the ideal that
large inaccurscies in the estimates of heat transfer rates will be incurrecd
unless corrections are applied to the standard formulse.

The corrections must, of necessity, be empirical and the only really
accurate way of obteining values for these is to make heat transfer tests under
conditions of flow exactly similar to those which will prevail in practice.
This is, in fact, the method of obtaining heat transfer coefficients in flame {ubes
which is adopted by manufacturers who make meny combustion chambers of similar
design, but it is not practicable when one or two units only of each type are
to be made, as for lerge industrial gas turbine sefs or for experimental
purposes, and in such cages it is necessery to assess the required correction
from previous experience obtained under as mnear similar conditions as Is
possible.

For most combustion chamber flame tubes it has been found that
miltiplying the heat traunsfer coefficieunt given by equation (4) by e factor
of from 2.0 to 2.5 gives a value for the convection heat transfer coefficient
between the hot geses and the vall which 18 sufficiently accurate for most
wall cooling calculations. This factor may be compared with the value measured
when the N.G.T.E. poroug duct was used as s flame tube. The baffle used %o
stabilise the flame in this experiment was of typical design, and provided a
degree of swirl which is usual for most flame stabilising purposes. Lubbock
in reference (5) recommends that equation (4) be used, basing the Reynolds
number ¢n the swirl velocity instead of uponthe mean axial velocity as is
usual. This gives a more genernl correction, provided that the swirl velocity
1s known.

In addiiion to heat transfer betweenthe hot goses end the fleme tube wall
by convection there 1s often the effect of radistion to be taken into account.
In most combustion chambers burning a distillate fuel such ag kerosene, radiant
heat transfer is less than that teking place by convection, and can often be
ncglected, but when the heaviest of residual fuels is being burned the reverse
is of'ten true.

Now the nett radiant heat exchange between two black bodies at temperatures
respectively 'I'g and T, is given by

H = Fg- 2-8 x 10‘“12 (Tgh- - T'W'LF) ve s s a0 (A1)

Now if the two rediating medis are respectively s gas snd the walls which
bound it, the equation becomes:-

_ ~12 . 1 4 4
H = Fg- 2-8 10 EW (Eg Tg "Ag TW) N RN (AQ)
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where Ag is the cboorptivity of the gas for radiation from a surfuce ot tempera-
ture Ty, and B! is a corrected emissivity for the surface, usually taken as
half-way between its truc value and unity, which allows for the additional
opportunity for sbsorption by the gas of the radiation reflected from the walls.
Although therc is much data available about the emissivity and absorptivity of
gases both luminous and non~luminous at pressures substantially atmospheric,
there is little or none available about the values at higher pressurcs such as
are found in gos turbine combustion chambers, although it is known that radiant
heat interchangc increases with pressure. In view, therefore, of the uncertainty
of the values of the gas emissivity and absorptivity under operating conditions,
coupled wath the difficulty of accurately asseszing the gas For flame) tempera-
turcs it is not believed that the use of the complicated equation (A2) is
warranted, and & simpler altermative can be used with cqual confidence:-

H = Ty 2.8x 10712 By (74 ~ 1) cerrennees (A3)

in which By is an equivalent emmissivity for the gases and walls. Valucs of
this are not known with any accuracy, but it is recommended that to estimate
the order of the rate of radiant heat transfer, Ey; is taken as 0.1 for
distillate fuels, such as ges oil, burnirs under luminous flame conditions and
radiating to normal oxydiscd metal surfaces having an emissivity of apout 0.8,
as 0,2 for the heavier industrial fuel oils such as are vwrned under boilers,
and ss 0.3 for the heaviest residusl oils and pulverised coal, which are, h

however, not yet commercially uscd in gas turbines.

In order to couvert equation A2 1nto a more convenicnt form, usc may be
mde of an equivalent heat transfer coefficieunt, hr, which is based upon the
temperature differcnce betwecen the wall and the gas (or flame), and which 1s
given by

(Tgl" - Tyt

ceennanens (AN)
(Tg - TW)

hy = 2.81071% 5,

The use of this equation requires a knowledge of Ty, but since the effect of
this is much less critical in practical cases than that of T,, an initial
eatimete of the wall temperature which 1s not too greatly in error will emablo
hy to be calculated, and it may then be combined with hy, the overall convective
heat transfer coefficieunt, unless the cooling system which 1s being used for
the wall in question involves the use of e blanketin layer of air, which
offers no resistance to rodiant heat flow.
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APFENDIX IIT

The relation between the overall heat transfer coefficient between a ges
and & wall and the Reynolds analogy convection coefficient

Suppose hg is the coefficient of heat transfer which itekes place by
convection alone, with no laminar conduction effect, between a turbulent gas
stream at temperature Tg, and a heat sink, as is assumed in the Reynolds
analogy between heat transfer and fluid friction. Suppose that the turbulent
gas sitream in question is separated from a surface at a temperature €y, by a
laminer boundary layer of thickness &, which is of temperature 07, at the surface
furthest from the wall. Then the heat flow by conduction through the boundary
layer is equal to that trensferred to it by turbulent convection from the gas
stream, i.e.

B -~ 8
A, E ¥ = he (Tg ~ Or)
&
. Ar . 6.+ 8.0, T
- » eL = L w klc_g' LICIE IR BB A ] (AS)
Ag, + O.hg

Also the overall rate of heat transfer between the ges stream and the wall,
H', is given by:-

H! = hg (Tg - ow)

Therefore since this heat flow is equal to that by convection to the boundary
layer, we have:-

h, (Tg -8) = h, (T, - 6.
Substitute for p from cquation (A%) and we get

Ay, By + 8 ho Ty

M, + B he

he Tg -

che = hg (Tg - By)

1}

he Tg A, = My, By B by ('13g - 6.) (A, + 6 hy)

whence he My, = by (AL + & he)
or 118 = ——'—Ec’_—' R R R RN (As)
b b
1 + X
o]
Thus if'—;?g <« 1 we uaave
hg#hc ----- LI (AGa)

6 hg
&na.if"*r >> "We }lave seantersans (AGb)
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APPENDIZ IV

A general sclution for the temperature distraibution in the ideal boundery
layer formed by localised air injection (see Section 6)

Consider the boundary layer as a camplete and separate annulus of gas
moving uniformly dormstream fron the point of injection. The balance of heat
trensferred to and from an clementary length of 1t under steady conditions is
thus: -

ae
Coliy “é?L 0x = hgr.lladp.dx (Tg - Ty) = brelededx (6f = 8y)  ---tn .- (A7)

hgr, is the equivalent heat trensfer coefficient between the gas stream and the
b%&ndary loyer, and &, is the internaol dicmeter of the latter, the case of the
cylindrical duct being considered.

Consider now the balance betwsen tlhie heat conducted axially into and out
of the wall covered by the elementary length of the boundary layer, and that
convected to it; -

48 d8.,
Jieddx (0 =0 ) = -A, Moted |-& {o_ + W sx)| = oW
by, (0, =05) = Ay = kw = =
We have, therefors,
b s T
GL= "W'H_E-—-g‘ [ I BN I BN N 'Y e (1&8)
hL dx

Substitution in equation (A7) for 6y from equation (A8) and rearrange-
ment of the terms gives:-

2
nga th djow th d Oy ,dzew
- - - [yt dy, + & 5
hy, &S hy, &2 ax
dBy,
+va{aa_hg[‘“% (Tg“ew) = 0 LRI A AR S I N AN SN (A9)

For convenience, we make the following substitutions: ~

Awt
.= K¢ (as on page 21)
hy,
hafidy, = Kqg
hlld = Ky,
Then: -
2
d OW d@w

- X,0 (1"g - ew) 0 ... (49a)

C.W Ks—-—dew K, (K X,,) C.W
- - 3+ —— ——
pa dx3 6 *™10 11 ax® Pa gy
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The solution of this equation, which gives the wall temperature at any
point x in the system is :-

eW = Tg + B..lebx + 526 bex + 638 b3x *eess s s aaan (A10)

where By, B2s B3, are constants of integration tnd ® = bq, bp, b3 are the
roots of the auxiliary equation,

2
- Gy Wy Kgeb” = Kg (Kqq + Kyq)b + OV + K = 0 weeeenns (A11)

This equation (A11) is a cubic in b and thercfore is not capable of direct
and general solution. If Kg, K4 and K44 could be calculated a graphical
solution or some method of successive approximstions might be used to obtain
bys bp and bz, but the complexities of the heat transfer processes involved
make it impossible to estimate the rate of heat exchange between the mein
gas stream and the boundary layer, and hence K g Thus to completely solve
the equation assoclated with boundary layer cooling it is necessary to mke
an assumption such as that made in the less rigorous theory of section 6. The
solution given by equation (23] and obtained by assuming that the boundary
layer temperature distribution follows the simple exponential equation -
cquation (24) ~ compares with the general solution given by equation (A10),
and ils identical if:~

b = 1/ B = - A3
~bso = ~1/YKg B2 = = A}.,,.
A0
b3 = - o Bj - -
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FIG. 6

AN IMPROVED CORRELATION FOR THE COOLING

EFFICIENCY

COOLING

COOLING EFFICIENCY

EFFECTS IN POROUS-WALLED DUCTS
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CALCULATED WALL & BOUNDARY LAYER
TEMPERATURE DISTRIBUTION  CURVES.
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THE EFFECT OF
RATIO ON THE

DEGREE OF
IN_THE BOUNDARY LAYER.

INITIAL

M1 XING

L.
JPREEPRE | PR R S SR U WP - -

- - 4
-U ——t— - ‘”..Jl Ll_.l..nll.fl"lfl 1!141(3...1,5 Trlllﬁlvllrls-

'
4 P o = e —_ - — —

At ———— —— - - - b o
o e b =y E ,nlwu .
- L — -+ -
;s.w,r@N_ILJﬁT, i
- . L
'

d!)

"N = BNIXIW 40 333930 IHL

3 ! &.\@T- m s g Y
: .1...W1 _I ....z”.... L A o [ i
. ] N A.JL- R <t
¥ - %.%H P ]
ML oo " i
1 . o 5 i
- ﬁ. N N , —_ g ¢
I S T ﬁ - ]
“_q [ U i gw Mvg
o’ m _ / ‘ _
- «,f i Mﬁi /4 w_ _
~
= [
. /. ﬁ .n% __k
3 W, \3 i
| ﬂm m ° \\
- . )
- m " 1
p W L}
‘ |5 h b _
: “ m_ t ! gﬂ .
! J
- : R DU | -
' m .q \ “ P
K _ . !
- | s ; o
o -_— o o — (] M o

MEAN AXIAL VELOCITY OF GAS
INJECTION VELOCITY OF AR

RADIAL



DECAY INDEX ot~FT

FIG.9.8 10.

THE EFFECT OF GAS STREAM REYNOLDS

NUMBER AND MASS OF THE BOUNDARY

LAYER UPON ITS RATE OF DECAY.

Ll

[

DECAY INDEX oC ~ FT°!

n

FIG 9

o]
O
o

AN

T

Q-\

Q-

2 0

(N+1)Was ~ LB/SEC.

3

oa

02

Re,s- d

Q-4

ot

(N-rl) Was

Q-6
FT. SEC
LB

0-8

Xx10°



RESTRICTED

8

g

“DOLING EFFICIENCY ~~ 5/

AlR maw/ UNIT COOLED SURFALE
GAS FLOW,/ UNIT X EEET;&S}N&L &RE&

Q}Iﬁ

LISED INJECTION (aP=36 LB/FTY)

2 EXTERNAL AR CIRCULATION  (aP#s.oLg/FT?)

(4P + &0 LB/F1Y
4  LOUVRED CONSTRUCTION

S  POROUS WALL

COOLING EFFICIENCY = Ta- 8wy,
Ty=Ta






C.P. No. 133
(14,648)
A.R.C. Technical Report

CROWN COPYRIGHT RESERVED

PRINTED AND PUBLISHED BY HER MAJESTY'S STATIONERY OFFICE
To be purchased from

York House, Kingsway, LoNDON, W.c.2 423 Oxford Street, LONDON, W |
P.O Box 569, LoNDON, sE,
13a Castle Street, EDINBURGH, 2 1 St. Andrew's Crescent, CARDIFF

39 King Street, MANCHESTER, 2 Tower Lane, BRISTOL, |
2 Edmund Street, BIRMINGHAM, 3 80 Chichester Street, BELFAST
or from any Bookseller

1953
Price 10s O0d net

PRINTED IN GREAT BRITAIN

$.0. Code No. 23-9007-33



