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Corrigenda

Wovenber, 1551

Page 8, penultimate line, pege 9, equation (25), and figure 16, in the
portion of the equation:=

quoted, the zndices are incorrectly wraitten, and the whole equatien sheuld rend:-

L 1.835
<0.1392 --> (1 - 0.0979 Pr0+L4035)
Nu
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Page 15, equation (10), ps has been omitted from the right-hand side of
the equation, and should read:-

B ap
T = ps/ ——
By P

Page 17, line 2, "thermocyphon" should read "thermosyphon".
Page 18, line 11, "calculatans" should read “"caleculations'.

Page 20, lane 3, “respevtavely" should read respectively™.
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Dr. H.W. Hahnemann

SUMLARY

In order to f1ll a gap in our knowledge of blade cooling methods, some
stationary rig experiments have been made on heat flow in closed thermosyphon
holes, with the obgect of providing information on heat flow in closed sodium-
filled holes in turbine blades. The stationary rig was samply a tube filled
with fluid, trensferring heat upwards by frec convection from an electrically
heated lower section to a water coocled upper section. The high Grashof numbers
obtained in closed thermosyphon holes in actual turbine blades were approached
by using large tube diameters, and to cover a wide range of Grashof numbers
and Prondtl nunbers, measurements werc made with mercury, water and oil ag the
heat trensperting fluid. A formula corrclating the results for the three
differcnt fluids was obtained. These results can be extended to the case of
sodium, ond heat transfer curves for veriow hole diameters, lengths and
eccelerations can be constructed (e.g. Figure 18). No measurements beyond the
boiling point of the fluids werc attempted, and the closely comnected problem
of what form of cooling cen be applied to the blade reoots is not dealt with.
The rclationship of the "elosed" thermosyphon method to the “open" or Schmidt

thermosyphon method is briefly discussecd.
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1.0 Introduction

For the complete calculation of internal turbine blade cooling a series
of heat resistences must be known, 1.e.

(a) The external heat resistance between the hot worlking gas in
the turbine eand the blade surface, which has up to now been
investigated more than the other relevont heat resistances,
and which has been suumarized for instence by 4.G. Smith [1,2]%
or T.W.F. Brown [3]. This resistence will not be dealt with
in the subsequent report.

(b) Rosistances due to heat conduction in the solid blade maoterial,
also not considered here, may be best obtained experunentally
or by relaxation methods. Only in a few cases 1s an exact
calculation rendered possible by highly idealised boundary
conditions (4.G. Smath [2]).

(¢) Heat resistance between blade and coolant inside the blade
about which there is little known except for the case where
yressure alr is injected into the hot gas stream by straight
tubular passages leading from the root of the blade to the
tip and discharging there. The cooling efficiency of oir in
this arrengement, however, is not high unless a fairly compli-
cated internal structure is used. Forced convecticn of water
off'ers the possibility of easier internal cooling.

A variety of other methods for internal cooling has been proposed in litora-
turc. Among these sweat cooling (also called ingection cooling or effusion cool-
ing) and thermosyphon cooling show very promising feestures. In effusion cooling
by necans of porous blade meterial 1t can be safely assumed that the coolant
reaches the blade surface tempereture. The pressure drop required to force the
coolant through the blade can_be approximately calculated from data given for
instance by P. Grootenhuis [4), while the reduction of the outer heat transfer
coefficient by the influence of homogeneous injection into the laninar ges~side
boundary layer has been estimated thecretically by R. Staniforth [5].

The thermosyphon method for internal blade cooling can be applied either
in the open or in the closed fornm of the circulating system. In the open system,
first applied to turbine blades by Holzwarth [6] and sometimes celled the Schmidt
cooling, straight passages an the blade, clogcd at the blade tip are fed with
water from the hollow hub by the action of edntrifugal forces alone and the
generated steam is extracted through the hollow hub for condensation preferably
in connection with scome other useful purpose. As is shown in Appendaix I under
the assumption that open thermosyphon cooling at high acceleration forces is
extremely powerful, especially if the water reaches the critical state in the
cooling passages, (heat transfer coefficients of the order 1600 to 6000Chu./
sq.ft. hr.°C or O.44 to 1,70 Chu./sq.ft.sec.®C being expected),the open system
may in some cases provide too much heat extraction.

It scoms therefore worthwhile to consider the closcd thermosyphon system
as an alternative. In this closed system the cooling passages are closed at
both ends as 13 schematically shown in Fagurc 3 and a separate cooling system
is arrenged at the blade roots through the hollow hub. If the themmosyphon
liquid were ablc to confer on the blade an apparent thermal conductivity equal
to that of solid copper, the necessary amount of heat for coolang could be
extracted from the blade root. The additional heat resistance between root and root
coolant produces a higher werking temperature of the thermosyphon liguid as

¥ The figures in squared brackets relete to the list of references at the end of
report.
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compared with the open system snd, therefore, instead of water cther fluids must
be employed which at the limiting centrifugal pressure of zbout 3200 1b./sq.1n.
and at temperatures higher than tg; = 375°C are still below the critical and are
therefore of high density. This requirement i1s automatically satisficd by liquid
metals and it has been the major object of this report to determine the heat
extracting power of liquid metals in closed thermosyphon holes.

The question arises whether the radial pressure distribution due to centri-
Tugal forces and 1ts relation to the stress excried on the blade by the same
centrifugal forces is more favourable in either the open or the closed thermo-

syphon system. An approach to snswer this question has been attecmpted in
Appendix IT.

From the considerations in Appendix II 1% also Lollows that liquid sodium
may be a convenient means for closed thermosyphon cooling. For a simple investi-
gation of this problem a stationary rig was chosen having relatively large dimen-
sions. Since the handling and heating up of sodium in large quantities iz danger-
ous in the absence of special precautions, mercury was used instead. The results
must then be transferred to sodium theoretically and the method of doing so is
outlined an Appendix III. In order to provide the necessary information for this
transformation, similar tests were carried out with water and transformer oil as
well.

Provious atfempts to obtain information on thermosyphon cooling have been
mainly concerned with socalled 'harps'where a closed loop of pipe ig heated at
the lower end of one vertical leg and cooled at the upper end of the other.
Refercnoes on this subject are, for instance,given in liquid-metals handbook [7].
Other arrangements were designed with respect tc open thermosyphon cooling of
turbine blades and permit no direct application to closed systoms.

2.0 Test rig assembly and test procedure

The main features of the test elements are shown schematically in Figure
4. and the pgeometrical dimensions of the different elements are gaven in Table 1.

The heoated part of length I of tho test elemont conteincd along a gencrat-
ing line on the outer surfacc a number of chromel-alumel thormocouples (andicat-
ing tempcratures tq, t3, t9, «.. along the wall) which were inserted into small
hcles and silver soldexed to the surface, Another couple measured the temper-
aturc ¢ on the same gensrating line at a position in the middle of the cooling
corl, The heated surface was covercd with two layers of thin asbestos shoet
put on wet and dried out afterwards. Round the asbestos the 21 8.W.G. constantan
heating wirc was wound taghtly and held in position by further layers of asbestos
ribbon so that the leads to the heating coil entered at the lower end and the
lcads to the thexmocouple jJunctions entered normal to the wall between the heat-
ing coi1l. PFor this purpose spaces were left between the turns of the coil and
the leads protected by ombedding them intoc cones of castable cement.

The test element was then inscrted wath its lower end up to the cooling
block into a large container filled with kieselguhr for heat insulation and wos
held vertically by means of tripods and clamps. The thermosyphon liquid, being
mercury, watcr or transfomer oil, was filled toc the lovel of the upper cnd of
the cooling block. A thermometer in the tube centre indicatced the temperature
in the axis at the same position as the thormocouple for measuring §. Four
arrengements were tested. "a" had an cxternal cooling coil with counterflow,
"h" an external cooling coal with parallel flow, "e! an internal cooling coil,
and "d" both internal and external cooling coils. The arrangements are described
1n more detail in the footnote to Teble 1. In the case of ccoling arrangements
"e" and "d", this thermometer was replaced by a sealed thermocouple. Another
thermocouple scaled an a long tube of quertz gloss was used to probe around in
the themmosyphen iaquid to obtain some information on the temperature distraibu-
tion and the movement of the liquid.
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Inlet and outlet temperatures 0, and 64 of the cooling water, from which
the arithmetic mean 8y = (8o + 61)/2 was formed, were measured by thermometers
embedded in thermometer pockets. The cooling water was taken from a constant
level tank in order to reduce fluctuations in flow rate and inlet temperature
from the water main. The coolant flow rate was measured by weighing quantities
of water M leaving the cooling coil and measuring the discharge time z by means
of a /5 sec. stop watch. This was done several times during each test with 2
gpecified heat input end the heat extraction q was calculated with averaged
values from the formula.

a = % pr (el - eo) see sas see see csew (22)

with Opy = specific heat of the water. 4pplying equation (16) from Appendix III
the Nusselt number then follows from

_ha; M Opy (67 - 0p)

Nu .
)\, WZL?\.(to"mj

ees  eses  sss  (23)

The heat wnput was taken from the 230 volts a.c. main and was regulated
in arbitrary steps by means of a Veriac transformer. An estimate of the heat
generation by eddy currents in a mercury column in the centre of & coil shows
that this possible source of error can be neglected. Heat losses to the
arblent air were reduced as much as possible by surrounding all parts concerned
with crushed aluminium foil. In some cases the electrical input was measured
and compared wath g calculated from eguation (22). The difference was in all
cagses amall and was in accordance with theoretical caleulations of the heat
losses by free convection in st1ll air.

The thermocouple leads were all connected to a selector switch and all
the temperature readings by means of thermocouples were taken against an ice
Junction using & quick reading potentiometer. The accuracy was of no great
amportance since, especially in the case of mercury and for not toc small
temperature differences AT = ty - 8p, large fluctuations veccurred indicating
that the liguid d1d not circulate in a quasi-steady swirl but rather in irregular
IASS8CS.

In order to find whether the wetting effect of mercury is important, some
tests were ocarried out with induced wetting. The method of dissolvaing magnesium
in mercury proved unsatisfactory as after a short while, though wetting waes
favoured, the magnesium oxide produccd formed patches of scum. A mild steel
tube was therefore covered inside with Tinmans solder in one case, and in
another case was copper plated and brazed afterwards. Prom the appearance of
the mercury miniscus wetting seemed to have occurred, but no appreciable rise
in heat exiraction was measured. One of the test elements was made of solid
copper in order to permit a comparison based on apparent thermal conductivities,
Ads is shown in Table 1 each test element and each filling and cooling arrange=
ment hos been given & certain symbol which is kept in all the consecutive
plots in order to save lengthy explanations for each of then.

3.0 PBvaluation of the resulis

For all cases the temperature t, nearest to the hot end of the vertical
tube,tQ being chosen as one of the standard temperatures, was measured between
% and 7" away from the bottom surface. Some typical measured temperature
distributions are shown in Figures 5 to 8. They are results from test elements
£i1led with mercury, water and transformer oil respectively while Figure 8
is for the so0lid copper bar. Bach test series took about two days including
the waiting timesto reach steady state after having altered the heat anput
but not all the curves are plotted for the elements under consideration. The
large fluctuations in the case of mercury fillings are represented in Figure
5 by plotting the extreme temperaturs indication on either side of each curve.
These fluctuations indicate that a steady double vortex is not formed in the
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tube but rather that unsteady large masses of liquid move at random. By
putting a dust layer on the mercury surfacce these masses could be clearly
obscrved when they rose to the surface, and a definite correlation was found
between the temperature fluctuations and the movement of these masses of
liquid.

The parameter on the curves is the total heat input g. As the diagrams
show, quite differeut shanes of the temperature distributions are possible
ranging from almost parabolic shapes near the hot end in the case of the
solld copper bar to shapes with maximum temperature situated somewhere betveen
the ends of tube as in the case of trans{ormer oll fillings. According to
formula (1), Appendix I, the temperature droo across the tube woll 1s only of
the order 0.5 deg. C, and therefore thess temperature disiribuiions can be
considered to represent the distribution along the inner vall ag well.

Applying equation (20), Appendix IIT, and Ayg, = 0.0051 Chu./in. sec. °C
theoretical distributions result for the solid copper bar which in somc cases
(to = 386°C and q = 0.566 Chu./sec., to = 322°C and g = 0.456 Chu./sec.,

t, = 238°C and q = 0.342 Chu./sec., tg = 102°C and q = 0.132 Chu./sec.) are
plotted in Fig. 8 as dashed curves. A comparison of thesc dashed curves with
the measured distributions shows, that especially for not too small t, - 9
and near the hot end the heat input per unit length is almost independent of
distance x from lower end, thus justifying the applicability of eguation {20).

Applying equation (20}, though it 1s not quite justificd, also for the
thermosyphon tubes, the ratio of apparent conductivity happ to the conductivity
of copperlmcu(see Appendix II) is approximatcly given by

A 2
—-}\:‘-.E—P- = q'x LI e LY LI (24)
Moy 0.0102 AL{%to - t)

Yhen we choose x = 0.75L and the corresponding t from the curves, in order to
eliminate the effect of the cooled end, equation (24) becomes

7\-anp ql
4 = 55 2 LRI ] LI (22—}.&)
Fou Aty - $x = 0.757)

Some of these ratios, calculated from equation (24a) by means of the
measured heat inputs q and temperature distributions are plotted in Fig. 9,
tut only for mercury aud wvater fillings. For some exemples Kann/xﬂcu ratios
were read off Fig. 9 and wath these, tempereture distributions were calculated
1th equation (20) and “he results plotted as dashed lines in Figs. 5 and 6.
Por vater the agreement with the measured distributions 1s quite reasonoble
but not so good for mercury.

Figs. 10a and 10b cantain the measured heat extractions q versus
AT = 15 = By, tn being the outer wall temperature as measured nearest to the
lower end of the tube and 9, being the mean temperature of the cooling water.
The reasons why this AT has beecn chosen for correlations is explained in
Lppendix III. In order to avoid confusion only results with cocling arrange-
menta "a" and "b" are plotted in Figs. 10a and 10b this also being the reason
for plotting them on two differeunt sheets. The direction of flow of the
cooling water, which is the only differencc between methods "a" and "b", had
no influence on the results. In Fig. 10c the results obtailned with cooling
arrangements “"c" and "d" are plotted in the same mannor together with the
results for tube 10 with cooling arrangement "a". This tube 10 behaves
differently compared with the others probably duc to the copper plating and
the large cooled length L',

Thesc different cooling arraugements wurc imvestigated for reasons as
follows. The cooling c¢fficicncy would probably be greatest if the liquid
moved steadily in the direction of gravity down the centre of the tube and
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rose against this direction along the tube walls by being heated up there and
driven upwards by the density difference between wall and centre fluid., The
simplest cooling arrangement "a" with cooling coil round the ocuter upper part
of the tube however creates a large total vertical density difference adjacent
to the wall. The cooled fluid directly adjacent to the cooling coil there-
fore sinks dowm at the wall and thus upsets the natural thermosyphon swirl,
This may be the reason why large L/di ratios are rather ineffectives The
natural vortex swirl would be maintained better if the cooling coll could be
arranged in the centre of the tube instead of round the outer wall of thc tube,
Cooling arrangement "c" consists of such an "inner" coul in the centre of the
hole, and in favourable cases the heat extraction at the game AT was about
LO% higher than with cooling arrangement "a", Unfortunately this inner coil
had to be made of rather thick-walled small-bere steel tube so that its heat
resistance was probably considerably higher than that of the outer copper
tin-soldered coil thus reducing the favourable action especially in the case
of high Prandtl number thermosyphon liquids. Cooling arrangement "d" which
was a combination of "a'" and "e¢", had therefore no advantage against "c¢" with
a mercury filling (sce the two upper curves in Fig. 10c) but was however better
with the oil filling.

Another possibility of inducing more regular flow over the whole tube
length L is the provision of an insert, In tube 2 of df = 1.811 in, a thin-
walled tube of length 14 in. and outer dia. 1 in., was inserted so that its
lower open end was &t a distance of 1 in. from the bottom of the test tube
and its upper open end roughly coincided with the centre of the cooling coil.
Results with this insert together with cooling arrangement "a" were roughly
equivalent to the results without insert and with arrangement "d".

For the final correlation of the results by means of the dimensionleszs
groups as outlined in Appendix Ilonly the results with cocling arrangements
"a' and "b" as the most practical ones were employed. For forced or naturgl
flows which are not cormected with a swirl-like motion the parameter Nu/Pr3
has been proved to be most useful., Attempts to apply this parameter cover the
vast range of Prandtl numbers investigated here failed. It was therefore
decided after several other trials to apply Nu/Pre/3. This parameter is
plotted versus Grashof number in Frg. 11. The properties as used for the
“ calculations are showm in Figs. 12 to 14, and the properties for sodium (as
used to trensfer the results to sodiwm filled turbine blades) in Fig. 15. All
the propertiecs have to be taken at the temperaturce to of the hot end of the
thermosyphon tube.

The remaining scatter in Fig. 11 is mainly attributed to the I/d; ratio
and to lesser degrecs to the cooling length ratio 1.Y/d;, temperature ratio,
and to heat resistances of the heat input and cooling systems. A correlation
of the heat rcsistancos had to remain unconsidered. The temperature ratio
taken for hot and cold end would leave the low Grashof number points unaltered
for each test series. Only the higher Gr points in Fig. 11 could be moved
and the scatter would remain, It was thercfore considered that the Prandtl
number in connection with AT in Gr and Nu provides sufficient correlation for
the temperature ratio. Next the correlation for the heating length diameter
ratio L/di was attempteds It was not possible to choose a universal constant
for the power mz in (1/3;)™ of equation (17), Appendix ITI, A reasonable
power m3 found after several trials left some of the curves still poorly
fitted into the general trend. These were i1mproved by a further cooling
length diameter ratio correction. The final choice then was

3 0.4035)
o (0_1392 %1)1.85 (1 0.0979 Pr

pr2/3 ( :r.r) 21 (1.05 pr0s 01 _q = J
0.115 =

which should be a function of Grashof number alone.
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This parameter j is plotted zgainst Gr in Fig. 16, For each test tube
with the exceptions of tube 10 {as mentioned above) and tube 7 with o1l
filling a curve results which at the higher range of its Gr fits satisfactory
to a straight line reprcesented by )

0.4035

Pr?/3 (0.,“5 Ig{i> 21 (1.05 pr0-01 . 4 )
1l

Towards lower Grashof mumbers the wndivadual test curves leawve this general
straight linc,becoming less stecp in a certoin transition range and finally,
at small Gr, 1.c. at very small AT, all the curves turn into the horizontal,
where cbviously laminar flow conditions prcvarl.

- 0,002837 arr3 7 ess (25)

J=

According to these results eguatzon (25) should provide satisfactory
means for the computation of hcat extractions by closed thermosyphon tubes
for all cases where:

Eag no changes of state are concerned,

b) the temperature difference AT between hot end and cold end is not
too small,

(c) the heat resistance of the heat extraction system 18 not too high.

If condition (¢) is not satisfied this heat resistance may be taken into
account separately, i.e. additionally.

LeO  Applicstion to turbine cooling

For scdium ag the probable means for closed thermuasyphon cocling in
turbines the temperature in the holes will be of the order 250 to 600 dege C
and therefore the Prandtl number of the order 0,006 to 0.002, Por the small
Pr numbers the L'/d; correction 1s practically negligiblc and also the power
of the I/d; term is practically constant. Equation (25) then simply turns
into

j = L 835 0372
J 7 n2/3 (0-1392 a-i) = 0,002837 Gr ces  wee  see  {(26)

This is a very simple and convenient working formula for liquid sodium
and is plotted in Fig. 17 as Nu/Pr</3 vs. L/d with Gr as parameter,

Assuming now as practlcal figures for an example acceleratlon due to
centrlfugal forces b = 20 000 g, where g = 3? fi./sec?.; d; = 4 inch;
T = 300 dep.C with hot Lnd temperature t, = 600 deg, ¢ and where from Fig, 15
= 0.,0023, v = 0,0061 £t%./hre, A = 3005 Chu./ft hr. °C [3 = 0,000271 per
deg. C, the Grashof number is calculated as Cr = 2.05 x 10 , and herewlth
form equation {26)

Nu/Pr2/3 = 19,4 / (0.1392 I/di)1'835 (dashed line in Fige 17).

Combining this equation with cquation (16), Appendix II1,and inserting the
value for Pr/3 leads to

0,338 5t L AT
(0.1592 I/di)1‘835

for the heat extraction g, or for the assumed figures

q'.:."

q = 3.06 L ——  Chu/seo., With L and & in foet. e (27)
(0.1392 I/di)1' 35
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If under the same conditions as above d; = 1/6 inch 1s possible instead of

a4 = 1/8 inch due to a thicker blade the corresponding formulaze are easily de-
rived as

Gr = 4.85 x 1010, mu/Pr¥3 = 26,9 / (0.1392 %)1'835 and
L

q_=}+¢21|- L s s [ ] (273.)
(0.1392 L/&i)1'835

These condaiticns are plotted in Fig, 18 from whach 1t can at once be
seen whether a desired g can be extracted by the thermosyphon effect for a
given blade permitting o hole of length L and diameter 4.

If, for instence, for a certain turbaine layout, the blades can be pro-
vided with 5 holes and the heat extraction must be 1,5 Chu./sec. per blade in
order to keep the blade surface at a sufficrently low temperature the
necessery heat per hole g = 0,3 Chu,/sec, cannot be extracted vath L/d, ratios
larger then 5.2 or 10,8 or 17.5 respectively if the blade thickness does not
allow for bores of &; larger than 1/8 or 1/6 or 1/5 ainch,

With the data given here 1t 1s easy to establish diagrams in the manner
of Fag, 18 for any other general conditions,

5,0 Conclusions

The heat extracting power of the blind thermosyphon system has been
investigated experimentally covering a range of Prandtl numbers from 0,005 to
4,00, of Grashof numbers f'rom 104 to 1010 and of length diameter ratio from
3.5 to 14, 1In spite of these wide variations the results could be correlated
satisfactorily be a proper daimensionless grouping and thus closely approxi-
mated by a mathematical formula, This formula becomes very simple for liquid
metals zs a potential means for turbine blade cooling and the development of
diagrams 18 laid out from which 1t can at once be seen which blade size 1s able
to extract a given quantity of heat. The total heat flow through the blade
from working gas to cooling air in the hollow hub via thermosyphon system has
to be calculated by a step by step procedure, by taking into account the heat
resistances between gas and blade surface, outer and inner blade surface,
and rcot and ocolang arr,
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APPENDIX T

The possible over-cooling effect of the open thermosyphon system

Supposing the temperature t, of the drivingms in the first rotor astage
15 suatably so high that the heot flow of the open thermosyphon system just
maintains a temperature ty, of the gas-side blade surface in accordance with
the allowable stress under working conditions. In the following cstimate,
therefore, tp, is fixed as optimum and the magnitude of tg, being of no im-
. mediate interest in this, would follow from proper consideration of the heat
resistance concerned,

It can be shown that for at present knowa heat resistant blade materisls
their stress limt 1s just approached by speeds of the rolor which at the same
time produce craitical pressure in the water filling the ainner passagez, With
tcﬁ as critical value of the coolant temperature te¢ we may therefore assume
that (tphy - tc®) over the wall thickness & 1s from stress considerations the
most favourable temperature drop for the heat flow (tp, being chosen, t.%
being forced upon us as we assume the water 18 saturated everywhere in the
passages) and that tg is adapted by the heat resistance between driving gos
and blade surface,

Idealasing the problem as shown in Fig, 1 by an infinirtely extended
cylindral rod with outside dirameter &5 and with a straight hole of dirameter dy
and whaich 1s heated by a gas stream from outside under constant temperature
conditions over the outer and inner surfaces respectively, the amount @ of
heat conducted across the wall of length 1L and of heat conductivity Ay mey be
estimated from

2w Iy (thy - tc¥) 2,729 Iny (tby ~ 1) (1)
log, (dy/d1) log10 (do/ds)

With L = 1,0 1n., tpg = 800°C, Ay = 0,0025 Chu,/ft, sec, °C as convenient
figures for conventional gas turbine blades and tcii = 375°C for water equation
(1) reduces 1o

]Og10 (do/di) = O.ZI{—Z/Q s [N aee (2)
with @ 1n Chu./sec, as heat extraction per hole of each blage,
A turbine with mass flow rate G of drivang gas of temperature tg and
specific heat Cp, may have n rotor blades with z cooling holes each and the

total heat extraction snould not exceed p percent, Tho permitted heat ex-
traction per hole is then

Q< G'tg Cpg P/I'J.Z oae [N ] esas [N XY (3)

and combination of equations (2) and (3) yields

logyg (do/d1) = 0.22 nz/Gby Cpy B e eus auw (L)

For the special figures m = 200, z = 5, tg = 1000°C end Cpg = 0,283
Chu,/1b,°C this 1o

log,, (do/d3) » 0,855/6p, v wee  (4a)

with G in 1b,/necc.
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This relation (4a) is plotted in Fag, 2 as required minimum diameter
ratio do/d, of the holes versus mass flow G through the turbine and waith
percentage of heat extraction as a parameter,

In view of manufacturing dafficulfies and of possible occurrence of
"sluggzng" in the holes they should presumsbly not be made under 0,1 ainch,
Thus, for practical blade thicknesses, the upper limt for do/d; is probably
of the order 5, For this lamt and with the above figures 1t would, therefore,
not be possible to extract less than 2 or 3 or 4 or 5 of the total heat load
of the turbine for a turbine with mass flow less than 61 or 44 or 31 or 24,5
1b./sec, respectively,

0f course, for other conditions these limits may vary widely and also
in the given example the assumption of t, = 1000°C is only a rough guess., It
is, however, doubtless true that for a given heat extraction p there i1s a
critical size for each type of gas turbine under which open thermosyphon
cooling 15 liable %o overcool and thus to reduce the total efficiency below
that of the uncooled turbine, It seems therefore doubtful whether thas
cooling method 1s applicable to turbines of small output,
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APPENDIX IT

Relation between stress and radial pressure rise

Using symbols as shown in Fig, 3 where the left part represents a blade
with open thermosyphon system and the raight part respectaively one with a
closed system, the radial pressure variation in the fluad filled bores is
given by

dep/dr = prw2 - PE ODE P ave  wes  wse  (B)
and the centrifugal force aoting on the blade by

msrsw2 + mlrlyz = oA vee T )
with; -

P = statio pressure at rad:al distance r in the covlant which is in equi-
librium with all the acting forces,

p = density of coolant,

w = angular velocity,

g = acceleration due to gravity,

¢ = angle between blade axis and darection of gravity,
my; = mass of blade material,

m = mass of coolant in holes,

ry = radius of gyration for solid material,

r1 = radius of gyration for liquid material,

A = total cross-section of solid material,

g = stress exerted upon blade,

Neglcoting the generally small gravity term in equation (5) we obtain

for the open system
2
2
f —Sli)-: %w (r22" r12) aee esn sesw (73.)

Po

with ro and rq as outer and inner radii of the liquid column (of density p1)
where the pressures Pp and P, respectively may exist,

For the closed system an expansion cavity may be provided by means of
which the same lower pressure Pp is moantained for all working conditions,
Therefore, the inner radius may vary between rz in cold state and r) in hot
state, This variation may be disregarded and The inner radius simply be
teken as 1y for all temperatures, We obtain then for the closed system

3
f -22.—.: '12“U2(r22“ I‘)_'_z) e pan 'YX (7b)

2
PO

with Pz and P, as pressures ot rp and r) respectively, and pp as density of
the liquad,

In equatzon (6) 1t 18 my = A(xy =~ ry)pg and r X H{xgy + ry) for both
pen and closed systems and with pg as den51tj of biade materlal and further
for the open system m = (rp - r4)p ~ #(ry + ry), and for the closed

system m = (rp = rh)PZ If, Ty = r2 + rh

The different r symbols are explained in Fag, 3, suffix m relates to
mean values of the densities, and Ef is the cross section for all the
passages in the blade,



Consequently for the opsa system (sulftix 1 at stress o)

Plm rf
oy = % Py @ [(roz -rlz) + (r22 -r.lz);—@ = (82)
g

and for the cloged system (suffix 2 at stress o)

) / P2 2
0.2 = 12_ PS{’G 2 [(I.O:Z - 1‘12) 4 LI‘?“E - I‘Ll_z) _E__}E %‘; “ne (8b)
8

Only a slight error will be introduced int> these equations when replacing
T, by ro, and coublning then cquations {72) wath (8a) and (7b) wish (8b)
respoctively gives for the open system

Po
_ ~@ 1,2 2 2\ _ .2 2\ Plm zf
U1 =p ,/ e "‘ZPS t [(I" - T - rn“ - 1 m— e an (93.)
] Y 1 1 J \ 2 1 Ps A

and for the closed gystem

I.:)
3ap 2 [( 2 2) ( 2 2) Pom v
Go = D — +7 [ T - 1. , - — - 9o
2 S]:.j/; Po Pg L L * T2 Tl 0a A:} (9b)

For the same liquid and under the same general conditions oo mey be slaghtly
higher than ¢4, For pracical cases, the roiios Pm/?s and ££/A will be of
the order 1/10 (for water) and 1/5 respectively, and inserting typircal values
for pgs w and the radai shows that the two terms in square brackets can be
procticully omitited in cither of the two equations ond a8 a2 first good

approximation we cbtain
2 =}
o :/F gl"“ (RN XN} LX) LR N ] (10)
Py P

for both open and olosed sysbems, Defining the moan density from

P
2
.:!._ (Pz ...130) .':/ _g:f'_)_ ' ) IR N LR (11)
Pm o P

and 1nserting for ¢ the meximum allowable stress o, for the blade materzal
due to o certain w the optimum pressure risc Pop.. = Pg which can be permitted
insade the heles is

P‘?’m -.PO = O‘mm (PH/PS)' [ 3 ree (12)

This oriterion (12) expresses that the maxamum radial pressure rise
permitted 1n the cooling passages of any kand of thermosyphon cooling is
approzimzlely equal tu the measn density rotio of coolant to blade solid times
the waximam tensile stress which 18 permitted for the blade under working
condrtions and whaich, of course, fizes the aagular velocity w, Assuming
Omax = 15.25 tons/sq¢,in, = 31900 1b./sq,1n, and again Pm/Ps = 1/10 for water
working slong the seturation line we obtain Ppp.. - Po = 3190 1b./sq.in, or,
in other words, with Py = atmospheric pressure 1s Just about equal to the
critical pressure of water, On the other hand, Opax = 1425 tons/sq.:_n. is
Just the tensile stress under which 0,1 creep 1s reached with Nimonic 90 at
about 750°C after 300 hours running,

1t 15 thus proved that with the best blade materials it is impoasitle to
exceed 375°C 1n water ss thermosyphon coolant wathout endangeraing the bladss
and 28 closed thermosyphon cooling as has 1 en shown in a previous chapiter is
bound to work sbove this limiting temperature water seems out of question
for thiz cocling method,
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Por this reason liguads wath haigh bozling points were considered and,
amengst these, liquid metals offer good possibilities, The application of
liguad sodrum in exhoust poppet valves of reciprocating engines ana 1ts low
density in comnnection with 1ts hagh thermal conductivaty suggest the use of
sodium in the closed thermosyphon process, Though, according to formula (12),
the pressure at the blade tip has to be less than the critaical pressure of
water, the working line in the pressure-volume diagram would be In the region

of sufficiently high temperstures,
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AP ENpIX ITTL

Correlation methods for closed thermocyphon cooling

Thermosyphon coolang in a vertical hollow cylinder of heated length I,
cooled length L' above the heating section and drameter ratio dg/d:, as
schematicelly shown ain Wig, 4, 18 a free cunvection problem and, therefore,
the heat transfer between wall and thermogyphon fluid must be governed by a
relation of the type:

L ATy !
Huy = £ (Gr:l.’ Pry, 2 T :L, TSi: ‘a;) ree sus see (13)
with
hjd; s’ b B B4
Nuy = = Nuszelt number, Gry = > Grashof number,
i Vi2
v 10
Pr; = — = et Prendtl number,
XL & ?“i
hy = true mean heat tronsfer coefficient, based on the total heated ares
wd4L and primary actuating tempsrature difference ATj in the fluid,
Tgy = absolute standard temperature on whrich all the properiies are based
as indicated by suffix o,
ny = thermal conductivaty, B4 = thermal expansion coefficient, Uy = absolute
vigcosity, vi = kinematic vascosity, Cp. = specific heat, &y = thermal
diffusivity of the liquid, all based on aq s
b = acceleration acting on the liquid.

An exact determination of equation (13) would require the knowledge of
all ths movements inside the fluid, i.e, complex investigatzons, Also the
engineer is more interested 1n more obvious paorameters, 1t appeared gimplest
o repluce AT by AT = %5 - € where t, is the outer wall temperature at the
10wer ( hot) end of the tubs ond Op is fhe arithmetac rean tenperature

Oy = z(eo + 94) botween inlet temperature 8y and outlet temperaturs 84 of the
"root" coolant, and to relate all the properties to the temperature t, at the
hot end, The chomce of this AT 1z convenient for the engineer and that of t,

3 standard temperature rcsulted from plotting the results which then shew
the least amount of soattering. In doing o formula (13) must be rewritten
a3

L AT L'

NU. = f1 (G—I‘, PI‘, Hi, E.'; » To, 'a'j'-" Iio, HG ) Asw X K] (11‘4')
with T, = b5 + 273 in deg.K, 1, and HG are the heat resistances for heat
anput and heat extraction irom the thermosyphon fluzd,

. 5
NMu = EE& y Gr = .EE_;EEEE., Pr = ﬁ——E , 811 the properties without suffix
ht v kS

are now related to t,, and h as defined from

qthdiLﬁT "o sew (KN e ass (15)

with g for heat extraction rate, and therefors

hd
Hu = 1 = a. .
A e LAAT
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In the present uwestigations the effscts of Hpy Hpy Ty ond ar could not be
investiguted separately and had to be Ief't uncorrelated, Ths® remaining main
parameters were correlated in the form

Nu =C Gr " Pr 2 (%;}HB (%%:)ni‘ . coe (17)

i

with C and mo as universal constants, while my depends on the character of
flow, 1.e, whether the flow 1s laminar or turbulent, and mz and my, may depend
on some property of the fluid, Due to the neglect of the other pararmstera
a plot of the tests :n the form of (1?) will include : certain amount of
seattering, Nevertheless the plot will provide ample evidence for the cal-
culation of the heat extracting power of any other thermosyphon fluid, such
as liguid sodium in turbine blades. In these cileulatins,of course, t, must
be interpreted as the hot end wall temperature to, insidc the hole (see

Fig, 4), This 1s justified because do/d; 1n the tests wos only of the order
1IC}3|

Another possibility of representing the results 1s based on the con-
ception of apparent conductivities, Assuring & cylindrical solid rod of
length L, diameter d, and thermal conductivity Ay with unilorm heat anput
qo per unit time per unit area around the perimeter over length element dx,
the temperature distribution + in the rod over leagth L 1s determined by

!
a2t g

7 = - ] s Yy (48)
dx do?\.M

with the simplafying assumpiion that Ay 1is high erough to allow the problem
to be treated as one-damensional, Hessuring the lengbh from the hot end,
having the temperature t,, and assumng that also dt/dx = o at this end,

the integratzon gives
p.8
q. -
t—'—to e 'it—' ‘—'9‘ dxd.k. se LN (19)
do ?\.M
oo

If Ay czn be taken as independent of x and 4o 18 o constant over the whole
length L, then
2
qx
t = - e [N ] 20
%o ZALN (20)

with A as cross-gectioral arsa of the rod and g = wdolg, = total heat input,

For the case of a solid copper rod equation {(20) holds very well near
the hot end so that qg 1s practically independent of x, This was verified
by mgasuring, in one case, the heat transport through a solid copper element,
The parsbolic relation dees not hold for the liguid filled elements, Assuming,
however, as a first approximation 1ts validaty for the thermosyphon tubes,
the rat.ic of the anporent conductivity M ap to the conductivity of solad
copper hppn  in the same geometrical arrangement and with the same total heat
extraction” g is given by

K&PP/}”MGU, = (tOCu = tGU_ )/ (toL - tL) ’

the suffaxes Gy and I denoting values in the copper rod and the liquid tube
reapectively,
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APPENDIX IV

Tast of Symbols

ocross-sectional area of tube, of solid bar, or of solid material of
turbine blade

thermometric conductivity of fluid based on reference temperature Tsi
radial acceleration in turbine blade

enpirical congtant

gspscific heat based on reference temperature %,
gpecific heat of working gas in turbine

specifzo heat of fluid based on TSi

gpeoific heat of watker

inner diameter of tube

cuter drameter of tube

mass flow rate through actual turbine

Grashof number based on t,

Grashof’ number based on Tgy

acceleration due to gravity

heat resistance at hot end of thermosyphon tube
heat reszstance at c¢old end of thermosyphon tube
heat trensfer coefficirent based on AT

heat treansfer coefficient based on AT;
dimensionless heat transfer coefficient, function of Gr only
heated length of test tube

cocled lcength of test tube

welght of cooling water in time =z

mass of blade meterial

mass of flurd in holcs

MWy W, g, Iy empirical exponents in power- law

Nu
N‘tli

n

P

Nubéelt;numbur based-on t, and h
Nusselt nuhber based.on T51 and hy
number .cf turbine blades

fluid pressure 1n hollow tuFbine blade
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Py lowest fluid pressure in hollow blade at radius ry or 1y

Py, P fluid pressure in hollow blade abt radius r, and density P4 Po
respevtively

Porayx optimum fluid pressure comnnected to O max
Pr Prandtl number based on t,

Pry Prandtl number based on Tsi

P per cent of total heat flow extracted by internal blade cooling
Q amcunt of heat transmoitted across wall of tube

q rate of heat extraction by thermosyphon cooling

do uniform rate of heat inflow anto bar

r radial distance in turbine vlade

ry outer radius of hub

Iy radius of gyration for liguid colum in blade

ry redius of pyration for sodium filling

rq radius of gyraticn for solid part of blade

Ty radaus of gyration for water column in open thermosyphon system

T4y, To 2mner and outer radii of laquid column in open system

Tys To inner and ocuter radii of liquad column in closed system

r3 1nner radius of liquid colum in elosed system in cold state

Tgy  absclute theoreticel reference temperature of thermosyphon fluid

t wall temperature of thermosyphon tube at x

tes B4y Bo, by © measured wall temperatures at defained positions along
0y M T2y P3s b ) >

thermosyphon tube, &, nearest to lower end, 1), nearest

to gooled end

tbo gag=-s1de turbine blade surface temperanture

i temperature of coolant in anternally cocled blade
tcx critzcal temperature of coolant in blade

tg working gas temperature in turbine

b4 distonce from lower end of test element

sl

time indicated by stop watch for mass flow M of cooling water, or
number of cooling holes in turbine blade
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B expansion coefficient of thermosyphon fluid at reference temperature t,
B4 expansion coefficicnt of thermosyphon fluid at reference temperatlure Tsi
AT = t5 - 8, temperature difference used for correlation

4T3  theoretical temperature difference for correlation

5. wall thickness
8o inlet temperature of cooling water
B4 outlet temperature of cooling water

6, = 2( 00 + 64) mean temperature of cooling water

8 wall temperature of thermosyphon tube 1n middle of cooling coal
A thermal conductivaty of thermosyphon fluid based on tg
My thermal conductivity of thermosyphon fiuid based on TSi

apparent thermel conductivity of fluid filled tubo
My thermal conductivity of g0lid materaal

Mgy thermal conductivity of copper

Tl viscosity paosed on t,

My viscosity based on Tsi

v kinematic vizcosity based on tg
vi kinemalic viscosaity based on Tsl
o density of coolant

Pys Py density'of {thermosyphon liguid in open, closed system respectively
of turbinc

P meon densily of liquid in internally cooled blade

0 density of blade solid

o stress exesrted on turbine blade

oy s O atress exerted on turbine blade in the case ol open, closed
thermogyphon system respectively

Opax Moximum stress permitted for turbine blade
ot total cross scction of holes in turbine bLlade
¢ angle between blade axis and direction of gravity

I ml" -~
W angular velo€ity,



TABLE .~ |

DESCRIPTION OF TEST SERIES.

ENGTH
INSIDE |OUTSIDE HEATED LENGTH COQLED |DESCRIPTION OF! LENG SYMBOL
TEST NUMBER AND POSITION oF
DIA DIA L [IncHES ] L LENGTH | cooLiNg THERMOSYPHON APPLIED
TUBE MATERIAL — f OoF LIQuiD
d d (HEATING WIRE CONSTANTAN} d, L ARRANGEMENT LIQUID IN ALL
Ne ¢ o WALL THERMOCOUPLES COLUMN
[iNcHES] [[iNcHES] oF 2l SW.G) [incHes] l(see FootnoTE) GRAPHS
[INcHES]
4 IN DISTANCES OF
. . ) ) WATER 174 o
2 MILD STEEL a1 |i-aT2 13 v\gz—; :T_sc'::mus 718 |4-375 a 0'5, 65, 12:5 AND 15 2
INCHES FROM BOTTOM | memcury | 17 4
b MERCURY | 17-4
MILD STEEL,
20 | insiDE TINNED WiTH |1'811 |1r872 | 13 WiTH 18 TURNS [ 718 [4:375 a € IN DISTANCES OF MERCURY | 17-4| 4
TINMANS SOLDER PER INCH. 05,35, 65, 95,
10 INDUCE. 12:5 AND 152
MERCURY WETTING. INCHES FROM BOTTOM
MERCURY | 18-0 x
4 STAINLESS STEEL reo5 | 1re7a | 135 wiTH 18 TURNS | 748 |4 S0 a € IN DISTANCES OF
PER INCH 0§ 35,665,925 WATER 18-0 +
I2'5 AND 1575
INCHES FROM BOTTOM TRA';‘E:?R”ER so | ¥
TRANSFORMER]
c AS ABOVE. A o | A
d AS ABOVE TRANSFORMER 180 | >
MERCURY 80 v
7 MILD STEEL 310 |[1-37a 13 WITH 18 TURNS |o 924} 5 0 a 6 IN DISTANCES OF
PER INCH. 05, 35, 65, 95 MERCURY 16°1 v
. ND 1B
la:s A 5 WATER 80| ¢
INCHES FROM BOTTOM.
TRANSFORMER ]
oL 185 v
L ;
I WITH I8 T S = 6 IN DISTANCES OF O'S
6 SOLID COPPER BAR o ire:a 3 PE | HURN .ﬂ"’ 450 a 35,65, 95, 12'5 £ 1525 — - ®
R INCH. y INCHES FROM BOTTOM




LENGTH
INSIDE. |OUTSIDE HEATED LENGTH COOLED |DESCRIPTON OF GTH lsvmBoL
TEST NUMBER AND FOSITION oF
DiA DIA. L [incHES] L LENGTH THERMOSYPHON APPLIED
TUBE MATERIAL — ' oF LiQuID
d d_  [HEATING WIRE CONSTANTAN [ o L' |ARRANGEMENT LIQUID IN ALL
Ne t ° WALL THERMOCOUPLES COLUMN
incres] [incnes) OF 21 SW.§) [incwes] KeEE FooTnoTE) [iNcHES) GRAPHS
6 IN DIBTANCES OF
3 STAINLESS STEEL [0'925][0 ass I3 WITH 20 TURNS |14 05 | 4 50 05,35, 65,95 MERCURY | 17 5 bt
PER INCH 12°5 AND 1525 INCHES
FROM BOTTOM WATER V7 5 o
MILD STEEL
& IN DISTANCES OF
5 |[iNsiDE TINNED WiITH [0 928s| 1r00 | 13 wiTH 18 TuRNs |i3-99 | 450 WATER | 175 | <
05, 35, 665, 25
TINMANS SOLDER PER INCH H
o MOUCE : 25 AND 15-25 INCHES | s +
17
MERCURY WETTING FROM BOTTOM.
8 MILD STEEL 181 | 1ra72 | €5 WITH 18 TURNS | 3-59 |4.375 6 N OSTANCES OF MERCURY | 103 | &
PER INCH a | Va, 3Va, 4%
6% AND 8-44 INCHES WATER 109 a
FROM BOTTOM
TRANSFORMER] q
oI
AS ABOVE. MERCURY | 109 »
WATER 10°9 D
TRANSFORMER
oIL to-o ]
AS ABOVE MERCURY | 10 @ a
TRANSFORMER| o o A
o MILD STEEL 09d4a 0987|562 WiTH 18 TURNS | €03 | 2.75 4 IN DISTANCES OF oiL
PER INCH Y, 2%, 5V
AND 5'Vie INCHES WATER | 8'5 A
OTTOM.
FROM BOTTOM MERCURY | 8 5 A




LENGTH

INSIDE. |OUTSIDE|  HEATED LENGTH COOLED |OESCRIPTION OF| o o coerTION oF  |SYMBOL
T T
il DA DIA L [incHES ] L |LENGTH| COOLING o Fos THERMOSYPHON APPLIED
TUBE MATERIAL 4 4 oar e constantan | 1 L e oF l uQuio |
1 : [
Ne ¢ o _[HEATING WIRE CONSTANTA ¢ ARRANGEMENT | waLL THERMOCOUPLES Hauo 1 coLumn
[INcHES][[INcHES] OF 21 8W.g§.) [IncHes] (see FootnoTE) [iNcHes]|SRAPHS:
1o MILD STEEL, Ire06 (1869 | 12'5 WITH 18 TURNS | 622 | S a 6 IN DISTANCES OF MERCURY | I7'S 0
INSIDE COPPER PLATED PER INCH o5, 3%e, 6/, 9%,
AND BRAZED IZ AND IS INCHES TRANSFORMER| - o o
ol
YO INDUCE FROM BOTTOM.

FOOTNOTE : =

IN COOLING ARRANGEMENT “a.” 10 TURNS OF ¥Y8" 0D COPPER PIPE WERE TIGHTLY WOUND ROUND
THE UPPER (OPEN) ENO OF THE TEST TUBE,

SOLDER TO FORM A SOLID CONDUCTING BLOCK OF ABOUT

WAS ARRANGED
AT LOWER END.

IN

COOLING ARRANGEMENT “b "
FLOW, ie. ENTERING THE COIL AT LOWER END AND LEAVING
IN COOLING ARRANGEMENT “c” A 22 TURN COIL WITH
THE COIL BEING 44" LONG,

" "

BOTH SYSTEMS "o

STEEL TUBE ,

IN ARRANGEMENT “d

“coUNTER"

FLOW , v @

wase
AND “c

WAS THE SAME As “a”

a_n

INBERTED

BUT WITH

1" THICKNESS .

INTO CENTRE

COCLING WATER

WERE WORKING TOGETHER.

IN
IT AT UPPER END.
3"0D AND MADE OF ¥e&"0.D. 24 5Wg
OF TEST TUBE..

AND THE. SPACES BETWEEN FILLED WITH TINMANS
THE COOLING WATER
ENTERING ON TOP OF THE COQOLING COIL AND LEAVING

k]

“ »
PARALLEL




ELEMENT OF A THERMOSYPHON TUSBE.
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DIAMETER RATIO oLo/o(.i. OF HOLES IN OPEN THERMOSYPHON _F_'_G_z_
SYSTEM AS FUNCTION OF MASS FLOW THROUGH TURBINE
AND AMOUNT OF HEAT EXTRACTION
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FIG.3.

OPEN AND CLOSED

THERMOSYPHON BLADE COCLING

COMPARISON BETWEEN

(SCHEMATICALLY ONLY)

“cLOSED” THERMOSYPHON.
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FIG4.

SCHEME OF TEST ARRANGEMENT
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FIG 5.

TEMPERATURE. DISTRIBUTION ALONG TEST TUBE. N¢2 &4

WITH MERCURY FILLING (TEST CONDITIONS SEE TABLE 1)

v "
it e t
A + ‘s
I ety T
Py T S
— . b

) 4 e 3 13

ot et

FIAR AN MBI

+

pot S SIS A A

frodtes iy ot 0

-+ st et 1 - ~

gt * -

T I A
jane s TR B .Y ¥ pRass b R amis
g &%H\.JZ Lo sl Lo btk otk 1 e L

- + -

.
+H

L;t ’E‘T‘; -
SRu

i
LT

fanpey.
pRnos)
b
Ha
fnan
S
| panunhiie
 Fagess
p
L il
Tk
Wi
S R
T
T
P
PR
e oA
.
e

COOLED
secTion L.!

HEATED SECTION L




F1G.6.

TEMPERATURE DISTRIBUTION ALONG TEST TUBE N¢¢S

WITH WATER FILLING (TEST CONDITIONS SEE TABLE |.)
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RATIO OF APPARENT THERMAL CONDUCLTIVITIES OF

THERMOSYPHON LIQUID TO THAT OF COPPER

FOR THREE LENGTH

DIAMETER RATIOS.
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FIG.IQa

AMOUNT OF HEAT EXTRACTION g AT TEMPERATURE DIFFERENCE
AT BETWEEN HOT END OF TUBE AND COOLING WATER WITH
COOLING ARRANGEMENT “a” AND'b" . (FOR PARAMETERS
OF THE CURVES COMPARE WITH SYMBOLS IN TABLE |.)
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HEAT EXTRACTION QrVERSUS TEMPERATURE OIFFERENCE AT FOR

SOLID COPPER BAR, TUBE |0 WITH COOLING ARRANGEMENT “a.’,

TUBES WITH COOLING ARRANGEMENTS c¢,cd, ¢, AND TEST TUBE

2 WITH INSERT AND COOLING ARRANGEMENT "a”

(FOR PARAMETERS OF THE CURVES COMPARE WITH SYMBOLS

IN TABLE 1)
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DIMENSIONLESS HEAT TRANSFER PARAMETER Nu./Pr%"i AS A FUNCTION OF GRASHOF NUMBER &Gr FOR ALL TURES WITH

COOLING ARRANGEMENT “a."”

NUSSELT NUMBER BASED ON TUBE DIAMETER, TEMPERATURE DRIFFERENCE TAKEN BETWEEN HOY END AND MEAN COOLANT,

AL L

PROFPERTIES RELATED To HOT END

FIG.I.
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FIG.12.
rer [7])

.
}

PROPERTIES OF MERCURY

(FROM LIQUID - METALS HANDBOOK
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PROPERTIES OF WATER
(FROM E. scHMIDT , REF: [8])
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FIG.14.

PROPERTIES OF TRANSFORMER OlL B.S $.148

AS SUPPLIED BY MANCHESTER OIlL REFINERY Lre
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FINAL. CORRELATION

FOR  THERMOSYFPHON TUBES

FIG.16.
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FIG 17

IN GAS TURBINE BLADES

THERMOSYPHON EFFECT OF LiQUID SODIUM
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FIG.18.

HEAT EXTRACTION FROM TURBINE BLADES

BY LIQUID SoDiUmM.
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