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Profile averzge surface temperature at midspan and overall coolant
pressure drop have been measured previously in a tunnel examination of a
particular air-cooled turbine nozzle section. In this Memorandum values
estimated using e procedure based on that described in Reference 1 are
compared with those test results.

The agreement in the comparison is fairly good except for the
effect of the gas/coolant temperature ratio. It is suspected that the
internal heat transfer equation as adopted in Reference 1 is not applic-

able at the low Reynolds numbers of the coolant flows in this case.
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1.0 Introduction

In Reference 1 a method of estimating average surface temperatures
and coolant pressure droms in air-cooled turbine blading is described.

This method is applicable to interually spanwise-ventilated blading sub-
jected to unifor: gas conditions, ‘

A cascade tunnel installed at this Bistablishment provides a satis-
factory system for testing cooled blades ¢f a represcentative turbine nozzle
PTOfilCZ. It has beon used for cooling stucics on a variety of blades,
and the test results of one particular internally air-cooled blade are
here compared with predictions based on the method given in Reference 1.

The test results ave abstracted from Reference 3; they are those
of the Viggin exirusion ~roiile ..1881/13 in the tip-shrouded mode of
cperation. This mode wos selected as a distrivution of the coolant which
is unalfected by siatic vressure variation across the tip of the blade is
an assumption implicit in the estimating procedure. The comparison is
limited to rerimeter-average surface temperatures at midspan only, and to
overall coolant pressure drop.

2,0 Scope_of the investigation

In making the cowvorison betweea estimeted and test results it 1s
preferaple to moldify the simpdle calculation outlined in Reference 1 to
suit the tunnel conditions, rather than to correct the test results for
certain effects not incorsorated into the original estimating procedure.
To this end the calculations incorora’e modifying factors, based on tun-
nel measuremcnts, to introluce the effects of radiation exchange between
the test blade and its swrrounds and of discrejancies between blade
average sucface tem erature and mean temperature around the cooling duct
periumeters,

To improve upon the accuracy of the basic calculation, the external
heat transfer coefficient measured in Reference 2 was ~ibstituted for that
embodied in the procedurc el Relcrence 1. Smaller cha: ves were also made
in substituting actual blade dimensions for some representative values
assumed in the original.

Optical measurement of the coclant channel areas and perineters was
of uncertein accuracy because of the difficulty in preparing a perpendicu~
lar cross-section without »arrs or cnarfers, Trojection nethods were
wnsuitsble because of a zlight variestion in the hole geometry along the
length of the section. Accordingly the area and perimcter of a single
passage, equivalent in isothermal incomrressible flow to the cleven chan-
ncls wes deduced from a scries of hydraulic tests.

As beforej, 0,07 on the relative temperature scale was regarded as
veing a significant diflereace (or erior).

2.1 Test range

The range of the caleulations wvas as follows:-
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The coolant inlet temperature, Te;, was assumed constant at 300°K.

5.0 Blade measurements

Reference 3 contains instection dimensions frow the tunael, with
the test blade in position. Cervain minor discrepancies {rom the design
were revealed, but these have becn neglected herc. The design values
incorvorated into the calculation are as follows:-

chord . e = 0,186 £t
nitch 3 = 0,122 7t
span Ly = 0.J76 f%
. e [o}
incidaence = 0O

blade inlct angle = 0°

ces™ O/, = 65°

D
blade verimcter ”g = 0.1 £t

platlorm surlace arca Ay = 1,52 x 107° ¢
scetion length 1? = 0,406 I't
The actual pesition of the blade was similar to that gf the test
blade uscd to obtalin the external heat transfor cectiicients®, so that

these results should we applicable herc.

D1 Internal rossage measurement

Becouse of the difficulty in obtaining a represewtative cross-—
section and suitably vreparing it for the optical neasurcment of internal
pagsage areas and perimeters, a siugle pascage, cquivalent in isothermal
incompressible {low, was deduced from measurcuments of flow and pressure
drop in a sericsg of hydrautic tusis. Tor this purpose the Fanning
equation was adartcd as Tollews ~



— )y -

( ™
P.; - a2 = B = e St 1+ C i —P‘ s
c1 Pe 2 A.LC 2g IC&': l\ e L{-f DQJ (1)
Accepting the assumptions that:-
(a) the offect of a shurp edged cntry may be interpreted as an

effective increase in Triction factor, f, represented by

(1 + Ce). For the present blade peometry a value of Ce of
0.06 was selected! and assumcd constant for turbulent flow,
Variation in the value of C¢ has bute relatively small
iniluence on the final determination of passage dimensions.
For laminar flow Ce wos assumed to be zera,

() the empirical friction factor, I, is:-

11

in turbulent flow

0.079 Rg™2"%°

in laminar flew 16 Rg™

Il

(c) the velocity distribution factor, o, is6;—

in turbulent flow =~ 1

in laminar flow = 0,5

then the Fanning equation can be rewritten in terms of 5S¢ and Ae and the
measured Ve, Apg relation.

Figure 1 gives the isothermal incompressible relation between flow
rate and wressure drop as reasurcd using water at 159C, Frem this, three
conditions were selected, two from the laminar and one from the turbulent
regimes: - ‘

(1) in laminor Tlow Wg = 0.1 1b/sce, Ape = 32.5 1b/ft?

(i) in laminar flow Wg = 0,2 lb/sec, App = 8l 1b/fH

iii) in turbulent flow W, = 1 1b/sec, 4p = 1.55 x 1¢ 1b/fH
C C

Substituting these valucs in the Fanning equation yiclds:-

. 2 © 3
(1) Sc = 1,04 x 18 A = 1.59 x 107 Ag
i ? = 245 x 10° AG® - 5,18 x 10° A
(i1) S, = 1.345 x 10° AS° - 5,18 x o
9 - 3 c o
(ii1) S35 = 1.550 x 10° A0 - 2,50 x 107 Ag
These three relations are plotted in Figuwre 2, There are no unigue values
wihich satisfy all three curves, This must be atiricuted to slight errors
in the assumed valucs for o and Ce in the Fanning equation. The nearest

conmon values were selected as:-~

- 4 a2
A 7.8 x 107* £%

]

C.615 Tt

€2}
(¢
it
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The corregnonding total measurcients Jrom niirfepouus ot euu—~view
. I NN B . A N . 1 . N 2oy
vhetorrapne (Licure 5 is traced from e roo ,LJ) were rather different.
Uney weres-
;o - -4
he = U.7x 107 and 9 x 107% ©F°
B3, = 0,749 and 0, 548
respecbtively frem root and tin shotogrushs,
The = parent dimensions frem the hydraulic tests were seiccted for
incorperalion into lue calculatlions, to be utilise l in equations of the
same noture as these used in their ucquctlon.

4.0 Calcululien

~
3

o Blade end reolant temocsotires
The caleulations were bazcd on the avoxnimute methnd of
hy SC
ielerence 1, in vhich the parazeter X = 3 Yow ds acsumed constant
BEER
alen~ tle span, the heat transier cocliicieats veing cvaluwted at the
midspon a8 and co ant csnstjons.
The coolant neat transifer couabtion cuoted in reference 1 was
adentced: -
4,1 \—0ed ,; \“().,8 I,'..m \0.53
- N TR Ba?) e | ~Ch e ’
Ll = Q,L ' I’.C‘O‘ { '.!:""‘ E,L.J.Ll! '\ 'rb""‘ ] e \2)
Lo \ / //
N / \ /
The ges o blade heat transfor coeflicients obbawcing in uhlo
tuncel (in the abscice of rodiction) ieve rroviounly been reperte dﬁ, 1d
nt
1 i v 2 e oo om AT K S Ao B Lo ot A - P
he exmerimental extrorolation to the temseiwturc ritio  &/qy, =
is reroducel in Mioure . The Cesign rule Tron welerciee 1 dis compared
with ticazo bost rosuits ie e swae Tlgourc and is shomn to bo *cnc;glly
low, ©lic error Vv I, mas ocoween b oo cent anc 19 vew cent ot the coxtremes
the meVHOLWQ TIMOCT el e ﬂﬁb to 5.8 x 107, To improve uren thc
accuracy ev tie - deCU¢01 the follosing pover asproximations to the tost
resulos Crere 1roroduccu into the calcul.tion:-
, .
(a) Ry < 2 x 10
ses [Ty 0e2C
By - — 0«45 e (Y S
N1y = 1,154 1R Voo e 0 sae
;\ng o 204 2 \ / bi/ (3)
o
() N, > 2 x 10°
/,L, \~DaLE
= N o 26745 4 ke Ll
:Nucr1 = 0.0 2 ARl T sre v (4)
& \ _)1,1/



Introducing the design cxternal dimensions cioted in Section 2.0
and the cxporimentelly deterraned internal 1oasurenents from 3,71 gives the
follovwin, pavamcters: -

‘e
— SrA \OeB824 m De71
% ¢y nuix .0e8 r 0e337 [ dlom \ S8 x \
A = L'. U/j f,.l 112 \\ /T'j/ . k>/llb]x'. / ceo e ee e eecs (5"
& \ 7
— ™ Je82 4 . Q714
Xt o= 17.6 5% poees [ Tem/ g \
. m ’! 5 m ; Y LY LY (6}
\ t3 V7 tem )
and.
; N
— T V-3 48 . 0.1 5 y
T 4z oac 4=l o =0.537 1 TEES T - / N B
E o= 1297467 R~ 8/ TS X L+ 2,057 . (7)
i) \ Ltem / : = ' ’
. , 1 e 7 0. 575 |
\ /
/
; \
. AY
/ A
— / ~0.,18 7 N : /. ey
Tt o= o goE -t o ~oezss (g T Tl L fr oz .03
A et 0D _,) L '\ Q/ T / =74 111 ‘ LT T i
\ bm \ Wl 1+ X \\ 0,370 /
/
oo (8)

where X and K are applied il Iy is less than 2 x 1C° and X! and n' b
e

Reynolds nunmbers bebwecn 2 x 10° a

‘u

Following fleference 1, the blade ralative temperaturcs znd coolant
relative temperaturcs ot midspoan verc calculated frow: -

! - e T

iDﬁ (.;l/m o = )[ — .n._‘E_ - ~ Db v e R o (9)
NV ¢ 1+ X

and

- . .

+Lom "'cl/‘m " = 1 — G_“’:L s LECI "o (10>
2T ta

L,

~

wherc K;; significs the substitution ol { = ) inte K, cnd vhore prime

valucs of X and K are uscd vhen arnlicable, The corresponding tempera-
tures are 1'stpd in Colimms 1 and 2 of Table I.

L2 Modification o basic calculation

Having obtaincd first approximetion velues of blade and coolant mid-
span relative temperaturcs as above, corrcections woerc made to tae calcula-

¢

tion to introduce the eliccls
(a) of radiont hecat exchanse between the test blade and its

surrounds, and

(b) of varietion of metal temperature vithin the core of
bladc.
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L.2.1 Corrcetion for radiation exchange

The twinel walls and fixed blade swrfaces were at temperatures
differing from those measured on the test blade surfaces: to simplify
radiation calculation this effect was simulated by stipulating an
envelope around the test blade, at a distance of one pitch, whose inner
surface temperature was uniform at some value Twp. This radiation effec-
tive temperature may be deduced from the temperatures and geometry of the
individual surround surfaces as follows:-

4 TE \
2 4
- % - fr. d.Ag) S . TW'
T = |y LB (11)

-LWI' - L’____ TE LY s e se e
/ | Agf 7« dhg
LE
where . = configuration factor between surround and test blade
y = distance between the origin ¢f surround and test blade
Tw = surround temperature

s = Dblade pitch

A, = L..3 = profile surfacc area.
g 578

The calculation was further simplified by neglecting radiation
originating or incident at cone angles greater than 30°, measured from the
perpendicular to the surface under consideration: furthermore all radia-
tion within thesc conical limits was assumed to be of uniform intensity.
Areas of irfluence, ag, on the surface of the test blade were then measured
considering the surrounds as emitters, and the distances betwcen emitters
and target centres were sssumcd to be equal to the root mean square values
over the surfaces,

Thus B
4 A__~ 2 4
— ay 8
TWI\ —_— / \\’ u LN N ] . e LI ] (12)
[ - Ay 5P

This effective temperature, which is pletted in Figure 5, was pro-
duced from a survey of the measured fixed blade surface temperatures and
ectimated tunnel wall surface temperatures over the test range.

Positive external radiant heat exchange was regarded as supplementing
the convecetive heat transfer coefficient. The total flow of heat into

the blade then beeomes: -
hy Ay (Tp = Tpp) + Ag + 2,805 x 1072 (Tt - Tpg'). «vn v (13)

If' this is equated to hgr Ag (Tg - Tbm), it may be used to define a

corrected value of heat transfer coefficient which can be introduced into
the calculations in place of hg.



/ 2,805 x 10712 .{/75 4 _ ’4) -
hg = hg 1 + X : \ zis-m Tow _ X . (“*-)
\ hg (T ~ Tom) T

The parameter i‘may then be corrected:-

ir = 'nr-i s e vee eve (15)
and K:-
r
— 1 +7:r- .K
K = r~#r aenshaun s A S oo e se e oe s 6
- ] X N (1 )
1T+ X

When the radiation envelope temperatures of Figure 5 are converted
to the relative scale, Tor - rl01/’1‘g - T, , using the relevant values of

gas efifective temperature, they reduce to a unique relation with gas
Revnolds number. This line is given in Figure 7(&), where it may be com-
parcd with the first approximation dlade midspan surface temperatures.

The radiation exchange at coolant flows 0,01 and 0,02 serves to reduce the
convective heat transfer, particularly at low gas and coolant flows,

Over the uwvper half of the Reynolds number range radiaticn supplements gas
to blade convection vhen 3 per cent coolant is passed through the ventila-
ting systen,

L.2,2 Correction for variablc cooling
pasgage woll temperaturc

The distribution of' the ventilating ducts in this profile is such
that the flow of heat into the core of the blade is restricted to some
extent by the prescnce of the cooling passages. Consequently the core
side surfaces of' the cooling passages were at lower temmcratures then the
profilc perimeter sides, during the tests. Ir it is assumed that the
cooling heat transfer coefficient is everyvhere uniform, then the heat
flowing to_the coolant per unit area of passage surface would be propor-
tional to Tye = Top from the core, and proportional to Tphy - Tem from the
blade outside surface.

Pigure 6 (taken from Reference 3, Figure 17 (a)) gives the midspan
core temperaturecs over the test range; thesc were taken to be effective
at the core side surfaces of the ventilating passages, which area amounted
to roughly one half of the total passage surface. The first approxima-
tion midspan coolant temperatures provided the T, term. The calculation
was then corrected for this partial insulation effect by miltiplying the
average inside heat transfer coefficient by a modifying factor, mgei-

w T _
|1+ Toc cm/ﬁﬁm - Ten cae  aes  eme (17)

|
|

L—



The variation of g
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b / N
o/ 5 \
§ o — \ /...
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¢ over the test range is shown in Flgure 7(b).

The termerature drop Trom blule surface to core i1s increascd as the heat

flow into the blade

peratare is reduced.

e

S e
oL

4 o
L.C

» increascd, as the reiative blade swwface tom-
This nreduces o pattorn of mge similar in trend to

that of the bvlade tempecature with respect to the parameters Reynolds

mber,

In reference

a1rran,

to refcr to an erfective recuction of tihxs

core insuletion, the

parameter

coolunt flow and tem~erature

cemont is denoted Ty

d.2
PACR VNG I

1 the cilectiveaces of the poomelrical cooling
s 19 el
l\ ) ’
v e, v g a o o o
a paramcter o = meesmetoee If it is desired
4 L
.u(_-/
e

seonetrical Z-factor wue to the
above moaxfying Tactor may be applicd as (nso) 4.

X may the

be correctew; -

ENR
):“ = nsc X LAY e e as e (};8>
and K:-
':;';
—
— 1 4 Ng o
I{S = ""'“'_'i‘:"""'"i;. IR s e se 0 (19)
LA ——
1T+ X
t 2.3 Combnied corrections
The two corrcectlong, described in the preceding sections, are

incorporated together in the calceulatloen of midgpan blede and coolant
relative temoeratures given in Celumns - and I. of Yebie I In these

cotimates tue following parameters were used: -
e e Y
Lo = ”(]SC T A co e cae as e (20/’
L
= =
.l,{_ 1 + X 1 ( \
— s O S . <P —— z
me T - tee  ese  aes 24
X Np 4
1T+ X
Prime values were uscd when applicablc.



- 12 -

4.3 Coolant vressure drow
Using the corrected valucs of Ye and KC, but substituting £ =
to give Kﬁp, the coclant outlet temperature To, was calculated, Prom

this, by an itcrative method, the outlet lianch nuwsber I, was estimnted:—

°

TN
[\e)
N

N

}'IC2 = C’. 0892 9/3 I\).n !.L(,‘ ¥ tcg - s o e s s o0
[

This is listed in Colwm 6 of Table I.
The outlet Iuch murbers arc sulTicleutly low that the simplified
pressure dron calculation, laid out in Relerence 1, may be used. This

gilves, when the blade and cascade design dimensions are incorrorated:-

o -7

~Ce Fee PR .a .o oo 0z

e m— = G158 x 1U @ /TN coe eos can (éB/

‘r‘()g V& N
and

1 }

P, -P (T 4,155 f 7 \
Cl c2 SR L T 75 Y oA Lo ’
- - = 2,12 x 100 Ry TeR/ g5 20,616 +o.-1¢< b/1 -1/&
2Pg Vgg £ 5 i J

(turbitlent Flow)

N
s cs s eo s £,
or
3
;T \A.62 ST \Coe5 | . ;E"f,ﬂ \[
Se7hox 1C° RyTH e ) ¢l T \ 40,815 + 0,512 0‘*;,/1, __——
; Loann s ey /

lowdnar flow).
=N
ces  ese  ees (29,
The coolmt cutlet_velocity heod and channcl wotal pressure aver, evaluabed

with Tpp, Tom and Te, deduced from Columns b ;md 5, ase

list
ately and summed in Col-mns 7, 8 ani & reopectively, in Table I,

5.0 Copmparigon with teot resulls
5.1 Midspan nerimoter-averwre swfuce bomernturcs

“he relevant test results, frowm xeference 2, arc ceompared with the
estimated velues, from Column 3 of Tuble I, in Figure 8, Althourh the
gencral trend with respect to Reynolds number at all coolant ratios oppears

imilar in both cases, the svread of tne curves duc to tem-craturc ratio
< ~

efTects, which is strongly norked in the tost rosulis, is under-cmvhasiscd
by the estimating process. The curves estimated Tor a toemperature ratio

f
I

8 /m = 1,75 are in best agreement with their corresponding test valucs.
~cl
The variablcs can be scrnarately cxomined in Pigures 9 wad 10,
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In the former the relative bemperatures are plotted against tem-
perature ratio logaritimica:ly, forming groups of straight lines when con-
sidered at constant coolant flow ratio or at constant Reynolds number.

In both cases surface temperature is proprortional to positive power func-
tions of the temperature ratio, the exponent increasing both with increas-
ing coolant ratioc and increasing Reynolds number. Within the range of
the investigation the test results gave temperature ratio exponents
between 0,064 and 0O,2Ll, whereas within the same range the calculated
effect varies between (,022 and 0,07,

By extrapolating tne lines of Figure ¢, plots of surface tempera-
ture for unity temperature ratio may be obtained. Such a plot is
rresented in Figure 10, This discloses discrepancies between estimate
and test in the relation between surface relative temperature and Reynolds
numper. At low Reynolds numbers the two cases agree at all coolant
ratios, but at higher Reynolds numbers the estimated values are consider-
ably higher than measured.,

5.2 Coolant vressure drop

The estimuzted channel total pressure drop (Column 8 of Table I) and
overall pressure drop (Column 9) are compared with the measured pressure

drop in Figuwrc 11, In general, the test results lie midway'betwegn the
estimated drons at outlet Reynolds number = 2 x 10°, but at L4 x 10° are
nearer the cstimated overall pressure drop. This could at first sight be

ascribed to some velocity hcad recovery in the outlet manifold in the
experimental arrangement,

In Figure 12 the coolant pressure drops, (test and estimated over-
211), are plotted logurithmically. The change in slope between the two
modes of flow will be observed. A limit is drawn in on each coolant flow
ratio group marking the points at which the coolant channel Reynolds
nurber, calculated at estimited midsvan conditions, has the value 2,300,

. 5 . . . . T
Also included in Figure 12 are lines at temperature ratio g7501~+ 1.

These apnly; to the twbulent {lew points only, and were obtained by
extrapolation on a logarithmic plot or pressure drov versus temperature
ratio (Wigure 13).

Over the range of Reynolds number within which the cwoling flow is
turbulent, the agrecment between the unity temperature ratio plots of
cstimated overall and measured pressure drop is fairly good: at a coolant
flow rutio of C,01 the estimated line lies about 8 per cent below the test

results; at Wc/w = 0,02 the estimate is seme L4 to 5 per cent high and in

the highcest coolant flow group the plots lie well within 1 per cent of
each other.,  As many of the test readings in the 1 per cent coolant flow
group of rcsults were of very low magnitude, it is thought that the
explanation of the 8 per cent discrepancy between estimated and measured
rressure drops lies wathin the bounds of probable experimental inaccuracy.
The slopes of the plots also agrec falrly well; here analytical inaccuracy
could account for the small differcenccs observed.

Concerning the relation betwecn pressure drop and temperature ratio,
it will be observed that Figure 13 displays some differences between the
estimated and measured results, The slome of the test results shows a
stronger dependence upon coolant flow ratio, varying from -0,25 at 1 per
cent flow to -C.48 at 3 per cent, whereas the estimated variation is from
~0,29 to -0,40 within the samc limits.
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6.0 Discussion

The estimate of midspan profile perimeter-mean temperature is con-
siderably different from the test results, »articularly in the matter of
temperature ratio effect. When the blade relative temperature is
expressed as a power function of temperature ratio the estimated exponents
are approximetely one third of the values derived from the test resulis.
The various factors which could contribute to this discrepancy are:-

(2) the viscosity-temerature and conductivity-temperature
relations assumed in the design procedure,

(v) the gas/blade temperature ratio (Tg/Eb> effect introduced
/

into the design procedure from Reference 2,

\ R
(c) the coolant/blade tempcrature ratio <lc/§B> effect

incorporated in the design procedure and derived from the
work described in Reference .

There is some disagreement betwecen dirfercnt authorities on the relation-
ship in the temperature-dependcnt physical properties of air, particularly
in the case of thermal conduciivitgq The data collected in Reference b
yields, for example, viscusity e T°°°7, conductivity o T®%; the values
used in the estimating procedure were thosc given in the original1, which
were viscosity o T%% and conductivity o ™77, A simple analysis indi-
ates thut adoption of the Refercnce b data would increase the temperature
ratio effect in the estimates by aprroximately LO per cent.

The gas/blede temperature ratio effect (b) was determined experi-
mentally on this particular proiile?, and is considered accurate to
within *1 per cent, up to the value 2.

The conlant/blade temycrature ratio effect (c) adopted in the
estimating procedure should properly be limated to coolant Reynolds
numbers greater than 10%: he bulk ol the flows considered lie¢ consider-
ably below this value, The data pregented in Reference 4 chow a very
much cnhanced but irrcgular temperature ratio effoct at these lower flows.

An increase in the exponent of the T?éﬁ term on the coolant side
obviously inecrcases the overall tempcra%ure ratio /Tg/éb effect, It

is suspected that this is probably the major cause of tﬁg discrepancies
obscrved, However, the adoption of & variable exponcnt in the Tc/fb term

considerably complicates the estimating procedure, ana consecquently has
not becn explored,

When tenperature ratio effects are taken out, the cstimatced mean
temperatures are much necorer the measured values, although still outside
the significant difference over most of the test range. The greatcst
discrepancy is about 0,00, The cstimated nmcan terperatures are generally
greater than mecasured; the discrepancy increases with gas outlet Reynolds
number but not with coolant flow ratio, suggesting that the external
Nusselt number - Reynolds number relation used has over-ewmphasiscd heat
transfor coefficients at high Reynolds numbers. This efiect may be
traced to the non-~unitform distribution of perimeiler-average Nusselt number
along the span of the test blade, predicted in Refercnce 2.  Local
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diccrevancies in the perimeter-average coefficient from the whole surface-
averaze Nusselt number were themselves proportional to Reynolds number.
The midspan station was & location where the local values were generally
low, falling to +6 per cent below the average value at high flows with one
particular selection of combustion systen, As the midspan deficit {rom
the surface average Nusselt number - Reynolds number relation was complex
and as the heat transfer over the rest of the span enters into the deter-
mination of the midspan surface temperatures by spanwise conduction and in
the coolant temperature rise, the known effect was ignored and the calcu-
lation carried out on the assumption that surface average values were
adequately representative,

The Mach numbcr of the cooling flow near the outlet of the channels
does not oxcced 0,6, and is genera!ly below C.l. The simplified pressure
drop calculation gives values which ure in reasonable agrecment with the
test results, When temperature ratio effects are eliminated the calcu-
lated overall pressure drop, which includes channel outlet velocity head,
errces fairly well with the test results. However, the variation in the
temperature ratio effect is underestimated in the calculations: this is
probebly a reflection of the discrepancices in the midspan surface tempera-
ture comparison,

7.0 Conclusions
Two additional f caturcs not included in the original have been

added to the general desien procedurc siven in Reference 1, These
are: -

(a) radiation heat cxchange between blade and surrounds,
(v) the debasing of the effectivencss ~f the ventilating system,

to allow for the variation of tempccrature around the cool-
ing duct purimeters.

In the particular cascade tost arrangeaent which was investigatced
the first feuature had a smadl efTect on blade surface temperature, cmount-

ing generally lo an additional cooling which lowcred the midspan average
suriace temperaturce by not more than 0,03 on the rclaivive gcale. The
scoond Teatuve, which is inbherent in the blade design and is not a tunnel
peculiarity, surgestod thet ot high rates ol heat flow through the blade
the cffective velue or the Z faclor was oniy some 60 per cent or the
geometrical value: as a result of this correction the cstimated average
cwtace teumperatures rose by about 0,06 on the relative scale.

When the final caleulated blade midspan average surlacce tempera-
tures, which included the above features and which were also based on
actusl measured valucs of gas to blade heat transfer coelfficlents, were
comuered with the test information, it appeared that:-

'

(a) the predictions were fairly accurate as fac as Ruynolds
numbers and coolant flow cffects were concerned,
// T \
() the terperaiure ratio | g/é } effect was underemphasised
) cl

in the estimating vprocedure.
i : [To
The latter discrepancy amounted to the exponent in the & S/ term being
o1
4 o

estimated at aboutl one ithird of the value indicated in the test results.



- 16 -

It is suspegggd that the major rcason for the discrepancy is the adoption
of(iTcm/§b> in the coolant heat transfer equation (Section L.1): it

appears that at the values of coolant Reynolds number experienced here the
exponent shoulda be considerably greater, It is also possible that there
is a second contributing cause: the choicc of temperature rclationship

for the air viscosity and conductivity is not commonly agreed, particularly
in the latter case, and it may be that the wlues selected in the analysis
in Reference 1 are not accurate.

The comparison between measured and estimated coolant pressure drop
shows good agreement except in the matter of temperature ratio effect.
This is thought to be a reflection of the discrepancies in the surface
temperature comparison,
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TAPLE I(a)

Calculated performance

Blade outlet ! First approx.
O u; Coolant ’ Cooling S . R
Gas : : atio i bassage . Midspan ' Midspan
temp. | Mach  Reymolds ‘g‘* + Reynolds : blade : cool.
Tz ° number .  mumber C/W i number | rel, rel.
o My . R, : g Rem P temp, :  temp.
' 1 - (2
0.25 1 2,37 x 10° | 0,01 1.86 x 10° © 0,717  0.478
~ © 0,02 3,92 P 0.557 . 0.330
0.03 6.05 - 0.456 . 0,255
0.45 3.0k 0.01 2,41 ©0.708 . C.L4B1
0,02 5.05 0.543 @ 0,314
523 . 0.03 7.80 0.442 . 0.241
0.65 7 ki 0.01 3.553 ¢ 0,688 ; 0.421
0.02 7. 41 - 0,522 - 0,288
i 0.03 . 1.4 C 0,42y 0 0,221
.85 . 5,69 C.01 . k75 0,688 : 0,393
' 0.02 - 9,97 0.506 ° 0,269
0.03 15,34 0.408 0,20k
0.25 : 1.43 0.0t - 1,20 - 0,760 i 0,512
© 0,02 2.60 0.606 : 0,365
: 0,05 . 4.1 0.507 0,286
G5 1,85 Co00 157 ©0. 7 0,48k
0.02 : 3.42 ©0.583 1 0,342
773 - . 0.03 - 5.40 0.483 = 0,265
0.65 2.7k . 0.01 2.37 0.721 0, 451
: ©0,02 5.15 0.561 ° 0.315
. . 0,05 8. 11 0.462 . 0,24k
0.8% : 3.9k 0.01 . 3.47 0,704 : 0.420
: - 0,02 7,52 0.5L3 0.291
0.03 :11.82 O. 4kl - 0,224
0.25 | 1.0k 0.01 0.89 0. 79L 0. 540
: 0.02  ° 1.99 0.638 | 0,385
: 0.03 3.16 0.552 : 0.316
.45 . 1.33 0,01 1.15 0.772 : 0.526
: 0,02 2,56 0.623 . 0.377
1023 : 0,05 - 4,10 i 0.528 7 0,296
0.65 1 1.95 0.01  + 1.75 ;0.7 i 0.473
‘ 0.02 . 3.89 . 0,588 0.333
: .03 . 6.21 . 0,491 0.260
0,85  3.12 0.01 2,88 o 0,722 0 0,453
' 0.02 @ 6,38 0.565 i 0,302

0.03 {10.19 : 0,467 0,23k
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