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Heat Transfer to Turbine Blades.

_by-

S.J. Andrews and P,C. Brodley,

SUMMARY
' As a preliminary to the design of cooled turbises, a knowledge of the
heat transfer coefficients to turbine blades 1s required. The results of
tests on two typical cascades, together with some other collected results,
are here reported.

The two cascades i1nvestigated experimentally were of the nozzle and
impulse type respectively, tested at a single 1ncidence, The results ob-
tained from these showed that the rwin factor governing the magnitude of
the heat traunsfer coefficient 1s the character of the flow; whether it is
laminar or turbulent, If the flow is laminar then the result agrees fairly
well with that cailoculated by a method due to H.B., Squire and, if tlurbulenmt,
the results so far known do not deviate a great deal froa a comron line.

An attenpt was also made to derider-on what te.peratures and pressurces
to base the physical guantities, conductivity, viscosity ztc., using the
correlation of the experimental points as a eriterion, The conclusion
reached was that thermal conductivity and viscosity, based on blade teuwpere-
ture, and density, based on the mean of inlet and outlet pressure and the
mean of blade and gas temperature, gave the best correlation of points.
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1.0, INTRODUCTION,

Fuch theoretical work has been dcne on the effcet of cuoling turbine
bladcs +1th little cxperimental data ag o vasis for calculation, To
furnish data for the blade external surfece, ot le~st in part, two cascades
of typical turbine blades have been tested, by a nethod involving the
determination of the heat transferred to o cooled turbine blade 1n a hot
gas strean,

The farst cascade had the blades set at a hapgh stagser as in a nozzle
blede row, 2and the gsecond et a low stagger as in an impulse blade row, with
the aim that these two extreme cases would give a rough idea of Lhe proper-
ties of turbine blades of all degrees of reaction, The tcats on the two
cascades covered a range of Reynolds number, Mach numper and temperature to
determine the cffect of each on the heat transfer coefficient, the ranges
buing: -

Re O - 5.0 x 105
Mn 0.4 - 1,0
Tg 350 - 600%u

2,0, DESCRIPTION OF APPARATUS,

““he two cosccdes were made up of five blades each, all the bludes
having a common profile, but set at different stegoers to give the following
propertics (sce ¥Frg.1).

 Cescads type ) Wozzle |  lmpulse |
Inlet angle aq 15° L5
Outlet angle ag 7Q° %5
Pitch/chord ratio s/c 0.62 0,62
Aszject rotio 2,0 2,0
Stagger & 539 10°
Chord 1,0" 1.0"

The blade form was quite conventional for o Bratash fturbine but wath
rather a thick trailing edge. Although this thickness was a disadvantoge
from an experinental investigation point of vaiew, it may represcent vhat
w1ll probably of nccessity be adoptcd fur eooled turbines,

Of the five bludes, the muddle one only s cooled, This middle
bilade was hollow, having a shin thickness of ebout 0,022" and inserted
into it was a core which, being supported by small spacing pleces, left a
gap of 0,015" round the periphery, The wass flow and tenperature rise
of water passing through the gap, when hot gas was flowing over the blade,
gave the numerator of the heat transfer coefficient, Swirl chacbers at
inlet and outlet ensured reliable water ftemperature neagurenent,
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To prevent heot lealrpge from the cascade walls to the blade, tvwo
"guard ring" water Jackets were fixed to those woells round the blade ends,
The blade cooling water pessed through these before snd after pesaing through
the blade so that, whatever the inlet and outlet tenperature cf the water
an the blade, the wall temperaturc was always identical, The cascade walls
themselves were loagged so that no appreciable amount of heat was lost from
the gas in passing through the coscade, TFag., 2 shews the experinental
arrangenent,

3.0, DXPERIMENTAL METHOD,

The tests werc corried out on tho distinct pgas supplres, one hagh
pressure nnd low temperature and the other high tenperature ond low pressure,
This gave a certain amount of freedon in changing the variables, »n, Re and
tomperature, independently >f one ancther,

Gos tenmperaturcs upstrean of the cascade were nensured by Chromel
Alumel thermocouples to an accuracy of 1%C on o Foster potentioreter and
wvater temperatures, neasured on mercury in glass thorno weters, could be
gatimated t5 0,02°C, en cceouracy of vathin 2% in both cases, Gos mass
flow was neasured by an orifice plete downstream of the cascade, -vith various
orifice sizeato give reasonable pressure drops, By including a suitable
mixing section an the inlet duct a good velocity profile (shown in Fag, &)
wag obtaincd, so0 that the inlet velocity could be calculated from a central
pitot tube wathout any large inaccurscy due to boundery leyer effect. The
nethod of vater flow measurement was to time the flow of o given quantaty of
water, and its circulation vas forced by a purmp giving 5 1lbs/sq.in. pressure
at the cascade,

Besides normal pressure tnppings in the duct ot relevant points, a
rall traversable patot tube was fixed on the oublet branch to find the
relation between total head loss and heat transfer,

4,0, THEORETICAL CALGULATIONS OF NUSSELT NU; EER,

Two wethods of caloulation (Refs,1 and 2) werc used and buoth geve
results near to that of the cxperimental value for the nozzle coscade,
though the more reliable of the two was considercd to be thot Ly H,o, Squire
(ReP,1) as 1t took into account the ratio of temperature cad velocity bound-
ary layer displacement thirclmess, which is a function of the presaure gradient
and therefore most important in this case,  For Loth methods the wmoinstream
velocity distribution round the blade was requiresd and thas was obtained by
an electrolytic tank potential flow invustigation,

Knowing the veloeity distribution, the Wussslt number could be ocaleou-
lated fairly quackly at each point, and, Lesidcs a mean overall Nusseld
numver, which was the value sought 1n the tests, a kasvledge of the local
Nusgelt number distribution round the blade was itself valuable, and vas
necezsary to correct the resulis,

4.1. Corrcetion of results,

Due to difficulty ain measuring technigue at the tame of constructiom,
no provision was mode for detail blade temperature distribution measurement,
To case the calculalion of results, the mean uator ienperature wos used for
blade tempercture in the initial plottaing. Consequently, two corrections
hod to be applied to results to give the correct heat transfer coefficient
for the external surfoce of the blsde, The farst was for the difference
between mean watoer temperature and mean blade fenperature, the former knovn,
the latter unknown,

The second correction arose as follsvs, The {low of water wos uni-
form round the periphery of the bladc so that, in the region where the heat
transfer was high, the water was heated to o higher temperaturce, Thus, in
the region of high heat transfor the effective temperature differencc between
the gas ond the blsde is reduced by virtuc of the incrensed water temperature,
The method of evaluation of the correetion for this effect 13 shown in
Appondix I,
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L.,2, Effect of Radiation,

The correction for radiation wag made assuming that the blade was a
completely black body totally cnclosed by surfaces ot gas temperature, The
maxirun apount of heat radiated to the blade was about 107 of that received
by convection but in most cases was only about 37,

The assumptaion that the emwugivity of the blede wos unity is question-
able but it 1s likely considering the Llade surface condition that the
emisgivity was not Lower than 0.9, so that the moxarum error duc to thas
correction was of the order of 1%,

5.0, RISULTS,

The test results cre prercnted in twe vioys; the first, Nussclt nunber
against Reynolds nunber is the more usual, and the sweond, AH/H against
Reynoclds number, ME/H can be defined as the ratio of amount of heat trans-
ferred %o o blade to the amount of available host passang through one Llade
pitch, and its saignificance lies in the anslogy bet.een 1t ond the blade
loss coeffacient,

In considering the available heat or temperature difference upon which
the hent transfer depends, the higher temperature was token 2z the suagnation
temperature of the gas (Ref.3 & &k, ) defined ag Tgy = Tg + 0.85 & where
0, 135 the temperature cquavalent of the velocily outside the boundary layer,
For thesc results a nean value of 9, was token, then:-

Re = pVe
i

_heat_tronsferred
3o ?E)GUu an Kp {Tgt - lB)

=B

Nu = heat transferred . o he
Ap (T - Tp) A A

5.1. Intarpretation of experimental data.

For each indivadual test the value of h for the blade could be found,
but the presentation of this quantity, plotted non-dirensionally against
Reynolds mamber, involved a choice of represcentative temperatures for each
physical property i, n ond », The oogsibilaties wore infinrte but, in thas
report the choices investigated arc limited to four, the stegnstion terpera-
ture Tgt (= Ty at low velocities), the Llade temperalure Tg, the mean of
these two Ty, and the static temperaturc at sutlet. The guantaities u, A
and p arc suffixed accordingly to give, for exanple, Pgt Or g, My, Ha 2nd p2.

The choice of p and 2 1n the evaluation of Re and A in the eva aluation
of Nu was decided by two factorq (a) which was logically the more likely
and (b) which gove the best COrrelatlon of test results,

Viscosity u.

The viscosity 1s sigmaficant only ain thcet 1t has an effect on tac
temperature gradient at the blade surface, because h = p (d%/dn)p-, where
n is normal to the surface., In the case where the flow is not nenr the
breakaway point the maximum velocity chengsz and therefore the maxamum shear
ceeurs at the boundary. It seems reasonable to supposc thercefore that under
thege condaitiong the viscosity at the surface hos 1ts greatest affect on the
temperature gradient,

The use of up ig cormon in recent German work but, in other work, both
Mg and | seen to have been used, Itg where the v146051ty 18 assumed constant
and um ot high tempernbure ratios., Wo definite rule i3 evadent however,

Although strong arguments for the use of pp are lacking, 1t scems

probable that pp s the correed wune to take and 1t 1s recormnended for future
results,
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Conductivity A,

As quoted above h = A (d¥/dn), and, as h is the quantity we know, 1%
must be &ivided by the A appropriate t5 the expression tv yield the Nusselt
nwber [ = ¢ (8%/dn), (Tgt - Tg) j .
the expreapion for h is RB and thus thia is the one %o use in the evaluataion

of h,

It seems reasonsble that the A in

The shoice of A in previous work seems just as indisoyiminate as for
u but, agein, recent prectice secms to be the use of pp, in most cases,

though not

Denaity o.

in all,

Por the viscousity and conductivity there are arguments for use of blade
temperature, bubt for the density term there are no such arguments, so the
cholce of relevant tomperature and pressurc was ruled solely by correlation

of test results,

pointa,

In other wviords, the temperature and pressure used to
cvaluate the donsity wore the ones which geve best dastribution of tent

These proved to be the mean of 1inlet and outlet static pressures

51’2 and the mean of tho blade and stagnation teveraturs Ty, The pressure
¥

§1,2 has some significance in that it takes into accsunt the accelercibion or

retardntion of flow in the blade passage,

Velocity V.

The velocity term in the Reynolds number was the mean outlet velocity

from the coscade,

the temm,

1f Wy the mean rainstream velocity round the blade is

used, then it may produce better correlation of results when, in future
widely daffering profile shapes are investigated.
the values for Vg were bascd on potential flow theory, and wvere 1n any casc,
very little different from Vp, so it was not considered worth while to use

In this case however,

To 1llustrate these effects a single sct of experincntal results wan
replotted in fuur different ways for the nozzle cascade, as given Lelow,

Liethod. 1 2 3
# HB Hat KB
M ]\'B )\.st }\.B
poe | F1,2/Tg | P1,2/Tgey | F1,2/1,
v Vo V2 VQ

)

4

Tt oto/T,,

M3

AL

Vo

I

iethod 1 and 2 are self-consistent in thot the same tenperature i1s usged
Method 3 gives the best correlation of rosults with the most

reagonable set of quantities an the light of the o2bove arguments,
bination is the best at present avairlable and should be uscd failang more

throughout,

reliable information,
using Ptotp can be 1llustrated,

This com-

Method L 1s included so that the change produced by
Ptotz is more readily svailabls to the

designer then the ctatic preéhures g0 that knovledge of the Nussclt nuanmbor

o the basis should prove useful {(Fig, 8),

Subsequently in this report the use of the phrase "plottaing method 4,
2, 3 and 4" v21l refer to the usc of one uf these four combinations of physi-

cal quantit

Fags,

1€5,

b e

6 and 7, which compars the nethoads of calculation for one set
of experamental data, contain also the theoretical curve given by the method
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of Ref.i, This curve gives n common basis for conparizon, The most
obvious factor is that, although the different methods of plotting produce
& censiderable change in distribution and scatter of points, the meximun
ordinate displacemcnt of the mecan lines through these sets of points is
about 19, In other words, .f a singie curve of Nusselt number against
Reynolds number were taken for design purposes, and any one of the first
three sets of quontities p, N and ) used to calculate h, the result would
not be in error by more than 14",

Trom Pig,6 1t is cvident that the temperature ratio effect is not
elirnnated Ly the use of the stagnation tenperature but, vwing to tho
apparcnt largs ronge of Reynolds number covered, the points full into two
fairly well defined lincs. Change of dotum tomperature to TR howevor,
shortens the range and bunches the points together, {F1g.6) The mean
line 1s still almost identical with the theoretical curve and this foet
15 not insipgmficant since the theory has been proved alnost correct for
a flat plate and cylinder,

There are two curves plotbed by nethod 3 (Pig, 7) one with points
1dentified by temperature ralio and the other by kach macbeor,  The effect
of these two quantities on the rcsults pletted in this wvay is either absent
or small enough to be hidden by woint seatter. On these two graphs the
dotted line shous the curve .hen the correction described above has been
applied, This 13 the mean curve which will be used to copmparc with other
results, Fiz,8 would be identical with the previous two figures but for
the fact that Ptoto is used an the Reynolds nunber instead of Pg,. Ptotp
is more readxly available during design so that knowledpe of the differcunce
produced by use of P4t 18 usseful,

The curve of AH/H is plotted also by method 3 (#1g,8) and has a defa-
nite temperature ratio cffeet, so 2t is evident thet good corrclation of Nu
does not necessarily .ean a good correlation of AH/H with the same Reynolds
number, The temperature raotio effect can be removed by plotting against o
Reynolds number using 4o instcod of ;5,

The results for the impulse cascade, having o wmore restricted tonpera-
ture ratio range do not exhibit any of 1ts eflects, the Nussclt nurmber and
M/H nurber sre therefore plotted according to nethod 3 (Fig.9). Agaan
no KHoch nunber effects are ovident for the cascade, It as known that o
coriain amount of breakawoy ccourred on the back of thes blade, The extent
of the breakawny at o low Reynolds nuwber was 30 of the tup surface and
probadly less et higher Reynolds nmumbers, The effcet of tlus appears to
be a reduction of the heut tronsfer to the blade, but by o small awount
only, the large majority of the heat being transferred through the leading
half of the blade (sce Fag,5).

The graph of loss cocfficient for the nozsle cascade av almost con-
stant Mach number is shown in Fig.10, It was hoped to obinain a relation
between this and the quantity AlL/I but this proved irpossible owang te the
large loss contributed by the thack troaling edge, which in no woy contra-
butes to the heat transier,

The cquations of the rean curves of Nusselt numbsr for cach cascads
as shown in Figs,7 and 9 are:-

Nozzle,

Ma = 0,756 (Re)0.4Y
Irpulee,

Na = 0,169 (Re)C.60

5.3. Comparizon with theorstical and other resulis,

Fipg, 11 corpraisgos all the relevant heat bransfoer deta avorlable to
the authorg, The table at the bobton gaives the ordigin of lhe results and
the method of plotting.
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Considering first the nozzle result and the adjacent curves, the slope
of the experimental curve for the blade seeuws to indicate thet the flow was
laminar, This is to be expected in o Wascade with accelerating flow of this
nature, The value of the Nusselt number as 1t is plotted 18 rather higher
than the theorcetical prediction although similar curves for the flat plate
lie closer together, This throws some doubt on the plotting method since as
pointed out above, it 1s possible to plot the results so thrt the value is
about equal to the theoretical one. However, the good correlation of test
polnta gaained in this case is considered to Jjustify the method. The expori-
nental curve for the flat plate with lamnar flow does not really exist at
these Reynolds numbers, which are above the oritical value, bLut the extrapo-
lated curve agrees very well wilh the theoretical curve, The fact that the
critical Reynolds number of the nozzle blade is above this range can be
explained in terms of the favourable preossure gradient existing in the latter,

The impulse cascade result agrces well with the other four curves of
the higher group. One of these, the flat plate curve, 18 defimrtely known
to be for turbulent flow conditions and as the streanlined body and cascodes
(4) and (3) have zero overall pressure gredient it 1s reasonable to suppose
that all four results are for substantially turbulent flow, The highness
of the curve for cascade 1 may be due to the relatively poor nose shape 1t
has compared with the other bodies vhach should give rise to o wmuach earlier
transition to turbulent flow,

Cascade |2) has a considerable degree of reaction and yet gives almost
as high a Nusselt number as the substantially fully turbulcent cases which
have no flow acceleration, This cannot be readily explaoined as 1t would be
expected to be much nearer the lamanar flow ocases than 1t actually is, On
the other hand the Nusselt nurmber valueg for the circular cylinder secn low,
It nay be because the representative length to perineter ratio 18 so ouch
lower than for the cascade blades, If they vere pluotted on a bagis of
perimeter for the representative length they would be displaced so as to

m

brang them in the same region as the cylinder curve,

The approxamate shapc of these caszcades is as follows:-

- Cascate | 1 2]
Inlet angle aq 56° L2°
Outlet angle a» 87° 60°  (approx)
Patch/chord,ratio s/c 0.68 0.59
Aspect ratio 2.8 3.1
Chord ¢ 4.0 2,5"
Stagger +7° +30°

5.k, Prediction Possibilities

Prom the above results 1t scems clear that for a laminar flrw Llade a
fairly accurate prediction of the overall Nusselt number can be nade by the
theoretical method (Ref,1,) 1f the velocaity daistribution outside the boundary
loyer is knovn., The question 1s therefore on which blades 1s the flow
laminar, This cannot be saild with certainty as it depends on pressure
gradient, temperature ratio, surface finish, to soie cextent the previous
history of the gas, and of course the operating heynolds number, Nozzles
and high reaction blades are of course much more likely to give laminar flow
than impulsc blades for anstance, Turbulent flow casea do not lend them=-
selves so easily to calculstion and no reliablc method 1s as yet available,
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An elternative approach for both laminsr and turbulent casec is by
way of Reynolds analogy. Thig stetes thet 1f the Prandtl numbesr = 1,
then for laminar flow the shape of the veloveirty and tomperature boundary
lnyers 15 the mamc, giving rise to the relation- -

E]&gvzz being the mean total head loss through cascade., The annlogy as put

forword applics to lominar flow only of course but with suitoable coefficients
1ts application to both lainar and turbulent Clow mwy prove uscful,

6.0, CONCLUSIONS

Ag far =s the experuiwental techniques 1s concerned the method used is
gsatisfactory for high temperature worl:, To obLtain a higher stondard of
accuracy, it ¥ould be necessary 1o recasure surface temperature, a dfficult
process,

The results given by the nogzle cascoue agroe fairly vell 'aih the
theoretical calculation, which will probably hold four gay the fairzst stage
nozzles ond high reaction Lladang at deslign incidence, For other eases
vhere the mean pressure gradient is zerc or negative the value of Nuzselt
number will probably not be far from the turbulent group of rosults in Fig,
1.

The suggested relevant tewperature for viscosity and conductivity is
Tp the blade temperature, For calculating the density, the wcan of anlet
and outlet static pressure divided by the mean of blade and stagnation
tempercture gives the hesgt correlation of results, No tenperaturc ratio

( st/TB) effect on llach nurber effcet 18 cvident in the experimenial results
Plotted an this way,

Acknowledgments,

The authora are indebted to i'r, T,J. Hargest at the N,G,T.,5. for his
work in determining velocity distributions round the blodes by electrolytio
tank potential flow investipgation,

List of Fipures,

Fig. 1. Cascade delails,
roo2. Diagran of test andparatus,
3. Veloeaty wnd tcuerstre grofale b inlst to cascade,
k., Theoretical Nussels Mo, dastraibution {or nozzle
cagcade,

* o5, Theorctienl Musselt Mo, distribution for iopulee
6
7
8

cascade.

. Nozzle cascade, If fuoctive tenperatarc compariscn
Nuszgelt No, ve, Reynolia No,

. Wozzle cascade, Mach nucber and temperaturs retio
effects; Nusselt No. vs, Heynolds No,

. Nozzle cascade, Nuwsselt No. vs. Reynolds Ho,
(Ptotg)- MH/H va, Reynolds No,

"9, Inpulse capcade, Nusgelt Mo, vs, Reynolds No,
AH vs. Reynolds No,
i

" 40, Nozzle cnscauc lsss cosfficient.

41, Collected heat transfer results,



Ligt of References.

No.
1

Author,

H.B, Squire

H,J, Allen and
B.C., Luck

AN, Tiffard

Eckert and

Weiso

. Pohlnan

X, J, Miller

W, H, McAdans

Title, cte,

Heat Transfer ecleculations for acrof'onls,
R, & M, No,1986, November, 13,2.

A method for caleulation Jf heat transfer in the
la;dnar flow region of Lodies, A.R.C. 6677.
December, 1942.

The thermodynarics of the larinar boundary layer
of o heated body in a high specd gas flow fuicld,
Journal of Aeronautical Sciences,  April, 1945,

The termperature of uncooled blades in a fast
gatream of gas,
R.0,DP, Tronslatzon 67, 10/320T, A.R.C. 10,292,

The tenperature ond stresses in the hollow blades
of gos turbines,
RTP/TIB GDC,10/490T, A.R.C. 11,748,

Theoreticnl anvestigation of the cooling of gas
turbines,
TPA3/TIB,  GDC.10/1421T,

Heat Transnisgsion,
wetraw Hill.



o

@2

u

Re

Pr

Mn

gas inlect angle,

gas outlet angle,

ges velocity

mass {low

density

aksolute vizsconity

specific heat of gas at constont pressure.
blade chord

blade piich

blade lengih

blade stagger

cuoling passage widih

bléde skan thickness

tenperature

blade perineter

tenperature difference causing heat flow
terperature equivalent of velucaty
static pressurs

total head pressure

heat trunsferred to blads

available heai passing through one blade pitch

thernal conductivity

lbs/cu.ft.

1bs/f't . 8ec,

%,

1b/sq.ft.

1b/sq.ft.

CHU/=eo0.

CHU/sec,
CHU

sq.ft.degreos/ b,

blade surface area
representative length

heat tronsfer coefficient 8

dzatance from stagnation point round blade peraimeter
g P

distonce along blade lenghth

Nussell number hd
k

Reynolds nurber £V4
n

Prandtl nuuber Cp.i
k

Mach number V/a where a = velocity of sound

-0 -

sq.ft.
£5.
Y

Legrees

ae
£t



cuffixes,

g gas

W water

B blode surface

1 inlet to coscade
outlet from cascade

0 water inlet conditions, cunditions et water inlet end of
blude (y = 0)

st stapgnotion

Z4,2 Teon of z at 1 and 2.
oa Tree strenn aonditions

ul mean of stagnetion and blade conditions
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Ampendax T,

In the abuence of detalled Llade surface temperaturc veasurements, the
valuesof h gaven by the experirental results alons were an torms of Wgy -~ Ty,

and not Tgy - Tg which is the temperature dafrerence on which the hext trans-
f2r Lo the surface depends., An estiuate of Ty must therefore be nade vaing
two addationmal sources of information, Parstly a dastribution of Nusselt
number rust be assumed sccording to Wef.1 and secondly, values of meial to
cooling waler Nusselt number :ust be taken.

From the gos to blade Wusselt nupber distribution a ncan value, Mu, is
compared with o value caleuluted froa wmean water tenperature, thus ocxrivang
at two values of Nusselt starving {ron o single Nu dastrabution,

Maigruc = T

- m
Nuys derived in experiment = My 8Dy o

.

J— s
Ap (Tst - Tw) B

The nethod rgnores the effsct of chordvrize and lengthviso heat flow wnd olao
thoe heot resistance of the netal skin thickness tp Lubt these effects are
negligiblie,

solution,

h

i

a (h) from ges to blade = £ (x) only
hy

¥

(h) from blade to water = constunt

htot= {(h) from gas to water = f£{x} only

To satisfly continuaty

1 =
by o4 Dy by,

and the temperature rise of the water flowing in an clsment of blade 8« at a
position x = T 1s glven by

1

ﬂTwr 1 = 1 1 |
ﬁ&ﬁﬁr (lst - Tw) htotr dy = Ty - T”o
b}
the soluvion of this equation ia 'htotr 1
Tt
( Iww
f.\T'\u’l‘ 1 = L T St - T""‘D) ( 1 - ) (1 )

From this equation the termperaturc rise of the water ot any valuc of x con be
found and the mean of these over the porimeter of the blade gives CLT the

quantity measured in experiment, ’
Then:- o
Nu- = I'V ﬁ‘l“ H G
( L0 Ay
T = T = m—eliiyy, 1
at .‘\?o 2 PRMT)

Thos value of the Nusselt numb-r 1s lower than the true value HNu by
about 2,3 at the low end of the Reynolds nurber range and 8 - 10¢ av the highor
end, depending to a small cxtent on the gas tenperaturc,  The corractions for
vhe two exporiment curves of Nu as shown in Fags., 7 and 9.
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THEORETICAL NUSSELT NUMBER _DISTRIBUTION
FOR NOZILE CASCADE (ASSUMING LAMINAR FLOW)
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THEORETICAL NUSSELT NUMBER DISTRIBUTION FOR
IMPULSE CASCADE (ASSUMING LAMINAR FLOW)
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NOZZLE CASCADE
MACH NUMBER AND TEMPERATURE
RATIO EFFECT.
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FIG. 8.
NOZZLE CASCADE
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NUSSELT NUMBER

FIG. 9.

IMPULSE CASCADE

NUSSELT No. vs. REYNOLDS No.
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COLLECTED HEAT TRANSFER RESULTS
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