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SULMARY

A description is given of the N.G.T.E. thermal shock analogue vhich
is suitable for estimating the temperature in a turbine blade ssction as a
function of position and time when the bladc is subjected to a stop change
in gas temperature, The method of operating the analogue and obtaining
results has also been desoribed.

The limitations of the analogue have been stated, but they arc
considered a small penalty in view of the essential simplicity of the

design,
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1.0 Introduction

Acrodynamic design usually dictates that turbine blade sections
have a long thin trailing cdge with a comparatively thick centre scction,
It is then clear that if the temperature of the gas strcam, in which the
blade is immcrsed, is suddenly altercd due to change in cngine operation
such as starting, accecleration, deccleration, or flamc-out, an uneven and
transicnt temperaturc distribution will be sct up in the scction, with the
result that high themal stresses may occur in the material,

A preliminary step in the estimation of the megnitude of thermal
stresscs in turbine blades is therefore the determination of temperature
distributions in blade sections at different times after the application
of a sudden change in tempcrature or thermal shock at the blade boundary.
It is to cstimate such temperature distributions that the N.G.T.E, thermal
shock analogue has been built.

2,0 Theoretical basis

In order to find temperature distributions in turbine blades it is
necessary to solve the hcat conduction equation in two or three dimensions,
The boundary conditions usually asscciated with such a problem make an
exact solution impossible to obtain. In this papcr it is assumed that
conduction in the spanwise direction can be neglected so that the problem
bccomes two-dimensional, i.e, the blade is considercd to have an infinitely
long span and the temperaturc distribution in any section perpendicular to
the span will be the samc oz in any parallel scction at a given instant.

Onc method! of tackling this problem is by & numerical step-by-step
process which involves approximating the blade section by a mesh of
squarcs (Figure 1) and considering the heat balance for each sguare at
successive intervals of time, This is cffcctively using the two-
dimcnsional heat conduction cquation in finite difference form.

In the annloguc this step-by-step mesh is represcnted by an
cleetrical network (Figure 2) in which the thermal conductivity amd the
temperature of the materdal are simulated by clectrical conductanco
elements and vcltages respectively, The capacity of condensers is
equivalent to the heat storage capacity of the material.  These analogics
can be madc clearer by sctting up and comparing the equations governing
the flows of heat and clectricity as follows:-

For the thecrmal case consider a chordwise section of the turbine
blade of unit thickness and, in a manner similar to that described above,
let this scction be approximated by perfectly conducting square prisms of
side éx and unit thickncss, separated by infinitely thin resistive
material such that the themmal resistance between adjacent prisms is the
same as betwcen points 6x apart in the actual material.  Thus, in this
simplified thermal problem, heat flow is perpendicular to the sides of
the prisms and heat is stored uniformly throughout cach prism. By
hypothesis no heat flows through the cnds of the prisms, since this would
be in the sranwise dirccetion. Now consider onc of these square prisms,
a cross-sectional view of which is shown in Fipure 3(a). The numbers on
the figure are suffices used to indicate that particular station.

If there is a small change 8T, in the temperature of the prism, the
chonge of heat storage (with notation as given in Appendix T)

= pfp . (B2 . 1) . 8T A €
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In time 3t, the heat flow inwards through the faces 1, 2, 3 and 4 of the
prism will be

4
E{'(Ti—To) cee ose eses (2)

1

= k.8t . (8x.1)
i
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By conscrvation of heat these quantities must be equal, Hence

pEn x4
k T 8T/ 8t
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TFor the clectrical case consider the flow of eclectricity in a net-
work of cqual resistors with junction points connectcd to carth through
equal capacitors (Figure 2) and, in warticular, the small portion of this
network which is shown in Figure 3(b). Again the rumbers arc suffices
referring to their particular stations,

The change in charge of the condenser C for a change 8§V, in applicd
voltage

= CSVO s e R} X (}4-)

The resultant charg

(e}

through the point O in time §t

= % R (V3 - V) A )
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and by conservation of charge these quantities must be equal.  Hence,
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On comparison of Equations (3) and (6) it is clear that there is
an cxact analogy bctween voltage and temperaturc if

Km 8x2
._P_._k__._.. = CR coe see s (7)

If, more generally,

p Km 6x2

- = M CR coe ese eee  (8)

where H is a constant, then

1 p o) - ! p .
6TO 6t if 1 (T:L—"‘O) = Wiz 1 (Vl "'VO) see LN (9)
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and there is mercly a differencc of time scales between the thermal pro-
blem and its electrical analogue.

PUaving set up the clectrical network so that it is analogous to the
hermal properties of the blade uaterial, it is now nccessary to simulate
the heat transfer cocfficicnt between the blade surface and the gas.
This is donec by connecting all the cdge points of the network to a common
conductor through rcsistances whose values arc determined by the desired
heat transfer coefficient at the corresponding points on the blade surface.
This cormon conductor is hcld at a voltage simulating the desired gas tem-
perature,

The equations governing heat flow across the boundary between gas
and blade and the cquations governing the corresponding flow of clectricity
may be sct up as follows: -

Consider again one of the square prisms, such as shown in
Figurc 4(a) wherc onc of its ncighbouring prisms has been replaced by the
gas, g, so that PQ is the boundary betwecn blade and gas.

Then, as before, for a small change 8Ty in the temperature of the
prism the change in heat storage is given by Equation (1), and the inward
heat flow to the prism in time §t is given by

k 8t (Ti - To) + h 8z &t (Tg - To) cee eee eee (10)

it e

i 1

Expressions (1) and (10) must be equal

3
Ty - T
. P Knp & 1 f (73 - To) h 6x (Tg - To)

1
4 . k - 6T0/6‘t + k 6T0/6‘t LRI S L) (11)
For the correspording clecetrical case consider the cquivalent
portion of the network shown in Figure 4(p).
The resultant flow of charge through the point O in time &
L5ty ) - o (12
= }—): . 2 (Vi" o/ +'RT 5t(vg"VO) se e )
L= 1

which, by conservation of chorge, must be cqual to the change in charge
on the condenscer C given by Tquation (4),  Thus

(Vi - Vo)
1=

i o= R (Vg = V)
MCR = 570/5 (it + R Bﬁm vee ees (13)

But by Equation (&)

[ S R

Ky Ox2
_P_:I_n_l_{___ = uCR
y Rk
and if we choose R' = yr= cee wee eee {(14)
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the analcgy between temperaturc and voltage holds at the boundary with the
same rclationship between time scales as before.,  In practice R!' is a
variable resistance which can be preset over a wide range.

In the above cquations it has becn assumcd that the properties of
the blade material and the boundary heet transfer cosfficient are indepen-
dent of tcemperature,  Any attempt to modify the analcgue to tcke account
of variable material propertics would grcatly increasc its complexity.

3,0 Construction

An analogue has been constructed consisting of a uniform electrical
network containing 600 junction points. The connection of the four
resistors and one capacitor at each of these junction peints is nade via
a 7-pin socket, a B7G miniature valve base. Four of the pins are
connected to the resistors, one to the capacitor, the remaining two being
lef't unconnected. Each junction point is ineffective until the appro-
priate shorting plug is inserted. In this way it is possible to 'peg out!'
the shape of the blade on a socket panel containing all the miniature
valve bases. TFigure 5 shows the general arrengement.

The 600 network points are arranged in 20 scctions of t'ive by six
points, which are connected together by wander plugs and sockcts, By
means of this arrangement it is possible to alter the mosition of each of
the scctions rclative to the others so that greater flexibility may be
achieved in obtaining a wide range of blade sharpes.

One hundrcd and fifty shorting plugs arc provided to peg out the
boundary of the blade scction., These are connccted via variable resistors
to a common conductor which receives a step change of voltage from a dry
cell hattery (normally 50 volts) to simulate a step change in temperature
at the boundary of the bladc. The leads from thesc shorting plugs are
stored above and below the socket pancl, and the control knobs for the
variable resistors are situatcd under perspex covers at the base of the
socket pancl,

A Vihcatstone bridac circuit has been built into the analogue to
enable the boundary rosistors, which arc 2.5 MQ potentiomcters, to be sct
to the required values, The bridge consists of two stuble rcsistances of
100 KQ and a variable calibrated rcsistance of 2,5 M, The fourth am is
occupicd by the resistance being set. A 104 A centre-zero galvanometcr
is used to indicate the bridge balance.

Component, valucs have becn chosen sc that as wide a range of blade
shapes and conditions as possible may be investigated and so that pick-up
of stray magnetic fields may be avoided, The cqual resistors betwecn the
junction points of the network are 10 K0 (%1 per cent) and thc capaciters,
which were selected to have high leakage resistance, are 1uF (#1 per cent).
Thus the value of CR is 0.01 and when valucs of the blade matcrial propcr-
ties arc known the time scale factor 4 can casily be found from Equation (8).

Monitoring of the varying voltages at the Jjunction points of the
nctwork is carried out by connecting the relevant shorting pluzs to a
12-channcl galvanometer recorder. The galvanometcrs in usc have a scnsi-
tivity of 2;1A/bm, and resistancces of 4.7 MQ are connected in serics with
the galvenometer inputs to give the desired voltage sensitivity. The
currents in the leads to the galvanometer recorder cause a small error in
the voltages being measured, The crror is greatest whon the measurements
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are beins made in a region adjacent to a small number of boundary points,
such as at the oextreme cdges of a thin blade profile, The crror at the
leading and trailing cdges of a typicel turbine blade simulated on the
anclogue was about 1 per cent of the step change in temperaturc., To

keep this error to a minimum the 12 junction points at which the voltages
are being mcasured should be as widely spaced throughout the blade section
as possible,

As an addition to the original conception of the analogue a further
100 boundary resistors, leads and shorting plugs are provided. These are
arranged in ten groups of tcn at the top of the analogue (Figure 5).  The
common conductors for ecach group may be connected to scparate sources of
potential, thus providing the ability to simulate different gas flow tem-
peratures over several boundaries as in internally cooled turbine blades.
In this casc the stecady state temperature distributions before and after
a transient are non-uniform and those may similarly be obtaincd by measuring
the steady state voltages on the analoguc network,

L0 Method of operating

The plaming of an exercise to be carried out on the thermal shock
analogue invelves firstly fitting the analoguc mesh to the given blade
section so that as close an approximation as possible may he achieved by
having the maximum density of mesh points, The side length 8x of the
square prisms by vhich the blade scction is epproximated can then be cal-
culatcd and the blade shape pcgged out on the socket pancl, Having
selected the blade material density, specific heat and thermal conducti-
vity, and knowing the distribution of heat transfer cocfficient round the
blade, the valucs of the boundary rcsistances can be calculated and the
variable resistors set accordingly.,  Suitable adjustments must be made to
the value of the boundary resistonces where the blade profile makes an
ongle approaching 45° with the horizontal or vertical becausc in these
regions the boundary polints of the network simulate loroer portions of the
blade profile than &x. For later usc the time senle factor u can also be
calculated, M oxample of the above calculations is given for a specific
blade in Appendix IT.

The next operations are to apply o stup change in voltage to the
common conductor which is cornccted to the boundary resistors, and to
record photographically, by means of the 12-chainnel galvanometer
rccorder, the varying voltages at the junction points of the nctwork.
Records are taken from shortly before the step change is applied until
the end of the period under investigation.  Another (short) recording is
madc after an interval of about 30 seconds by which time the voltages have
become sensibly stcady. A typical sct of traces is shown in Figure 6;
the superimposed time scale is "thermal" time. To avoid confusion some
of the traces arc made to approach the bottom edge of the film and the
remainder the top cdge. This scquence of op.rations is usually carried
out scveral times since only 12 junction points of the network can be
monitored by the galvanometer recorder at the same time.

The last step is to convert voltages rccorded as traces to tem-
peratures, The manner in which this is carried out is made clear by
referring to Figure 7. The step chango takes place at D and the blade
temperaturce has become steady at I (The steady state temperature over
the blade section is assumed to be uniform.) The temperature is required
at the point G, 3 scconds, say, aftcr the step change.  The line ABC
(produced by the rccorder) is uscd as a datum from which all measurements
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arc taken, The distances AD, BG and CH are measured and then distances
BG and FH calculated. Since the blade temperature is supposed to have
become steady at the point H, the distance FH reprcsents the total change
in temperature of the junction point under considcration. The distance
GE represents that fraction of the total temperaturc change which has
occurrcd after 3 scconds. Thus, if the total changc in tcmperature is
assumed to be from 1000°C to 0°C, the temperature after 3 seconds is given

by

jed
1000 - | TH X 1000}
i G
= 1000 _'l - W

When marking out the horizontal time scale on the recorded traces,
the differing rates of progress of the thermal problem and its clectrical
analogue have to be remembered, and the scale factor u, previcusly calcu-
lated, taken into consideration,

5.0 Performance

The performance of the annlogue has been assessed by using it to
solve a simple problem in lincar heat flow to which there is a thcorctical
solution,

The problem chosen was the linear flow of heat between the parallel
faces of an infinite slab having finite thickness. Thus the whole of the
analogue network arranged 12 points along the ends by 50 points along the
sides was used to represcent a section through the slab at right angles to
its parallcl faces,  An equivalent step change in temperaturc from 1000°C
down to 0°C was applicd to the boundary points along the ends of the
analogue network, The sides represented perfect insulators.

The valucs of the constants employed in this cexcrcise were chosen
so that a suitable time scale factor and a convenient temperature drop at
the centre of the slab could be obtained.

The temperatures rccorded at the ends and centre of the network
corresponding to the surfaces and centre of the slab 12 scconds after the
application of the step change in tomperature are shown in Table I.
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For this particular excrcisc temperaturcs recorded at junction
points along lincs parallel to the ends of the rectangle should be the
same, but duc to scvveral sources of small error such as componcent tole-
rances and trace rcading inaccuracies the analogue rcsults naturally show
scme scatter., From the left hand surface temperatures it may be seen
that the differcnce between the maximum and minimum temperaturcs is
21°C (i.ce 2 por cent of the step change in tempcrature) and the mean
tempcrature is 458°C. At the centre of the slab the difference between
maximum and minimum temperature is 20°C (i.e. 2 per cent of the step
change in temperature) and the mean temperature is 64°C.  Theorctical
estimates? of the temperaturcs at the surface and centrc of the slab are
460°C and 6LO°C respectively, which show close agreement with the analogue
results., It is to be cxpected that corrclation between analoguc results
and thcoretical results would not be so close for scctions with curved
boundaries,

6.0 Limitations

The analogue has certain limitations, which could be overcome only
by incrcasing its complexity. These limitations are as follows:—

(1) lieat transfer coefficicnt cannot vary with time.

(ii)  Spanwise conduction of hcat along the blade is neglccted.
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(1i1) The specific hoat and thermal conductivity of the blade
material must be considered constant and independent of
temperature over the range investigatced.

(iv) Thermal cxpansicn is neglected.

(v) The stcady state temperaturc of the blade scetion is
uniform for uncooled blades,

(vi) Only step changes in gas temperature can b¢ applicd,

(vii) Square mesh simulation of a continuous medium with
smooth boundaries,

The relative importance of these limitations alters according to
the type of problem under investigation but, in any circumstances, they
are considered a small penalty if onc keeps in mind the simplicity of the
analogue, particularly the fact that the analogy is a precise one and that
calibration is unnecessary.

740 Conclusions

A description is given of the N,G,T,E., thermal shock analogue which
is suitable for cstimating the temperature in a turbinc blade scction as a
function of position and time when the blade is subjected to a stecp change
in gas temperaturc,  The method of opsrating the analoguc and obtaining
results has also been deseribed.

The limitations of the analoguc have been stated but they are
considercd a small penalty in view of the essential simplicity of the
design,



- 11 -

REFEREICES
Mo Author(s) Titlc, cte.
1 Max Jakob Heat transfer. Vol. I Chapman and Hall,
1949,
2 M, Fishenden An introduction to heat transfer.

O, A, Saunders Oxford, 1950,



2o )

R1

ouffices

0y 1, 2, 3, 4

g

i

- 10 -

APPENDIX T

List of Symiols

capacity

specific heat
network resistance
boundary rcsistance
temperature

voltage

heat transfer coefficicnt
thermal conductivity
time

mesh spacing
density

time scale Tactor

stationg in the plade
gE‘.S

gencral station

farad

C.haul/1b ©C

ohm

ohm

°c

volt

C.hou./s5q.ft sec °C
Cehous /Tt sce OC
sce

't

1b/cu.ft



- 13 -

APPENDIX IT

Preliminary calculations for a given exercise

To clarify the method of operation given in Section 4,0, the
preliminary caleulations are carricd out below for a given blade section,

The details of the blade scetion and moeterial properties are
assumed to be known znd src as follows:-

Scction: 2 in. chord, cambor angle 90°, leading edge
radius O, 057) in., treiling odgv radius 0,020 1n., thickness chard
ratio 12,5 yer cent, circulsr arc boundarics.

aterial properties: Density p = 55 1b/cu.ft, specific heat
Ky = C.13 Cohatie/10 OC, thermal conductivity k = 0.00443 C,h.u./ft sec °C,
heat transfer cecfficient h = 0,04 J.h.u. /sq.ft sec °C (ossumed constant
round blade boundary in the prescnt instance).

Tor a blade of this hﬁpc it can be scen that the best pOSSLDLO
arrangemont of the network is in rectangular fomm, 50 points aleng th
sides by 12 points along the ends. Sinee 50 Jjunction points will
represent the 2 in, chord, the mesh spacing

2 . . —
§x = 5 e = 3.333 x 107 £t

The valuc of the boundary resistance is

Rk 104 x 0,00443
R' = = = 2. 105
hdx 0.04 X 3,333 X 1073 Je ok X f

This is the value of the boundary rcsistance where the blede
boundary is paralliel to one side of the mesh,  Where the boundary crosses
the mesh diagonally, the resistance should have the value, given by

'I'Dl,-:—‘]'-.hf)s

Rk

vhere 8s is the lcngth of boundary associated with that particular point.
For the whole profilc

1 a1
2 F = n;.k h‘So

In this way it can be choecked that the totnl boundary conductance is
simulating corrcctly the heat transfor to the surfacc.

The valuc of the time scalc factor, i, is from Equation (8)

Fm o2 515 x 0,13 x (3.333 x1073 )2
kCR - 0,003 % 1078 x 104

16.75

t
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From the above calculations it can be sccn that, if a second
excercise were undertaken with the ssme blade shape but with alterations
in the size and material properties of the blade, only a change in the
time scale factor and the values of the boundary resistors would be
involved.,

The opcration continues with the application of a step change in
voltage to the common conductor which is connected to the boundary resis-
tors and then as in Scction 4,0.
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