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Abstract: T his paper discusses experimental results from two different build configurations o f a heated multi�

ple r otating cavit y test rig. Measurement s of heat transfer f rom the discs and tangential v elocit ies are presen�

ted.

The test rig is a 70% full scale ver sion of a high pressur e compresso r stack of an ax ial g as turbine eng ine.

Of particular interest ar e the interna l cy lindrical cavities fo rmed by adjacent discs and the int eraction of these

wit h a central axial throughflow o f cooling air. T ests wer e carr ied out fo r a range o f non�dimensional parame�

ter s representative of high pressure compresso r internal air sy st em f low s (Re� up to 5 � 106 and Re z up to 2 �

105 ) . T wo differ ent builds have been tested. The most significant differ ence betw een these tw o build configura�

tions is the size of the annular g ap betw een the ( non�ro tating) driv e shaft and the bor es o f the discs.

The heat tr ansfer data w ere obtained from thermocouple measur ements o f surface temperature and a con�

duction solution met hod. The velo city measur ements wer e made using a tw o component, LDA system. T he heat

transfer r esult s fr om the discs show differences betw een the tw o builds. This is attributed to the w ider annular

gap allowing mo re of t he throughf low t o penetrate into the cavit y. T her e ar e also significant differ ences between

the radial distr ibutions o f tangential velocity in the two builds of the test rig. For the narr ow annular g ap, ther e

is an incr ease of non�dimensional tangential velocity V �/ �r w ith radial location to solid body rotat ion V �/ � r=

1. For the wider annular g ap, the non�dimensional velo cities show a decr ease w ith radial lo cat ion to solid body

rot at ion.
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Nomenclature

a, b inner and outer disc r adii

A area

dh hydraulic diameter of the inlet

G gap r atio( = s/ b)

Gry Grasho f number( = � 2 r ( T s- T in ) y 3 /!2)

k thermal conductivity

m
 

mass flow rate of the throughflow

Nuav aver age Nusselt number( = qav b/ ∀T avk)

Nuy Nusselt number based on y (= qy / ∀Tk )

p pressur e

q heat flux

r, z , � r adial, ax ial and tangential coordinates

r I, ro inner and outer radii for ev aluation of average

disc heat transfer

r s shaft radius

Rez ax ial Reynolds number( = Wd h /!)

Re� r otationa l Reyno lds number ( = �b2 / n)

Ro Rossby number ( = W/ �a)

s ax ial width of cavity

t thickness of disc

T temperature

V z , V � ax ial and tangential velo cities

W bulk mean ax ial velo city

Y distance r adia lly in from shroud( = b- r )

 vo lume expansion coefficient( = 1/ T )
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∀T temperature difference

# dynamic viscosity

! kinematic viscosity

∃ density

� r otational speed of the cavity

Subscr ipts and superscr ipt s

av r adially weighted average

in value at inlet

ref appropriate reference value

s pertaining to the disc surface

Introduction

Contemporary gas tur bine aircr af t engines

operate at the lim its of technolo gy. Gas tempera�
tures of around 1 800 K at ent ry to the turbine

on a typical civil engine lim it the useful life of

components due to cr eep and fat igue. H igh rota�
t ional speeds create significant rotat ional stres�
ses. These centrifug al lo ads combine w ith ther�
mal st resses and create deflections in components

that can cause a lo ss in eff iciency o r, w orse, com�
prom ise safety , if due account w ere not taken of

these deflect ions.

Such engines w ould not be able to oper ate

w ithout an internal air sy stem. T his provides

vent ilation ( most ly cooling, but sometimes com�
ponents are heated) , sealing and purging air to

the discs, blades, bear ing chambers and var ious

cavit ies. A schemat ic diag ram o f a typical high

pressure compressor internal air system is show n

in Figure 1. Air, ext racted f rom stag es of the in�
termediate pressure compressor and dest ined fo r

the intermediate pressure turbine blades and

seals, f low s through the annular passage betw een

the drive shaf t and compresso r disc bores. The

use of this air, w hich can be 20% of the main�
st ream flow , represents a parasit ic loss to the

main cycle, since it is bled fr om the compresso r

w here w or k has been done to raise its pressure.

It s use may cost up to 5% of the specif ic fuel

consumpt ion in a modern turbofan eng ine

( Ro lls�Royce[ 1] ( 2005) ) . On its route, the air

may be heated by both convection and v iscous

dissipat ion.

The tw o factor s that mot iv ated this study

F ig. 1� A schematic diag ram o f a gas turbine high

pressure compressor internal air system

ar e: f ir st ly, heat t ransfer f rom the ro tat ing sur�
faces inside the compressor creates a temperature

rise in the air w hich needs to be predicted; and

secondly, this heat t ransfer affects the tempera�
ture difference betw een disc bore and rim crea�
ting thermal st resses. There is therefor e, a need

in engine design to have know ledge of heat

t ransfer rates and leakage f low s in or der to mini�
mise the use of internal system air.

Previous w ork, Farthing et al.
[ 2�3]

( 1992)

and Long
[ 4]
( 1994) , on r otat ing cavit ies w ith ax i�

al throughflow has most ly concentr ated on an

idealised single ro tat ing cavity. Tw o discs of out�
er radius, b, inner radius, a, are separated by an

ax ial g ap, s. T he ro tat ional speed of the cav ity is

� and the bulk aver age velocity of the ax ial

throughf low is W . Fo r a fluid of kinemat ic vis�
cosity n, the r otat ional and ax ial Reynolds num�
bers, ar e defined as

Re� = �b2 / ! (1)

Re z = W d h /! (2)

where dh is the hydraulic diameter of the inlet. A

further non�dimensional par ameter, the Rossby

number, Ro, is def ined as the ratio of the mean

velocity of the thr oughflow to the tangent ial ve�
locity at the bore radius

Ro = W / �a (3)

This can also be expr essed in terms of the rota�
tional and ax ial Reyno lds numbers as

Ro =
b
2
Re z

2a( a - r s ) Re�
(4)

� � Laser illuminated f low visualisat ion and la�
ser Doppler anemometr y ( LDA ) w as used by

Farthing et al. [ 2] ( 1992) to study the f low str uc�
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ture in heated cavit ies w ith a/ b ∀ 0� 1. Flow is

seen to enter the cav ity through a radial arm, bi�
furcate near the outer radius and form a region of

cyclonic f low ( w ith the same sense of rotat ion as

the cavity) and anticyclonic flow ( hav ing the op�
posite sense of r otat ion ) . H eat t ransfer rates

w ere measur ed by Farthing et al.
[ 3]

( 1992) f rom

the discs of a heated rotating cavity w ith an ax ial

throughf low of air, for 2 � 105 # R e� # 5 � 106 and

2 � 104 # Rez # 16 � 104 , the cavity had a gap rat io

of G = 0� 138 and a/ b ∀ 0� 1. T he heat transfer

from the discs for a cavity w ith a surface temper�
ature on both discs that increased w ith r adius

w as correlated by the expression:

Nu y = 0. 0054Re z
0. 3
Gr y

0. 25
(5)

Where y= ( b- r ) , is the distance radially inw ard

from the shr oud;

Nuy = qy / ( T s - T in) k (6)

and

Gr y = �2
r ( T s - T in) y

3
/!2 (7)

� � T he signif icance of Equation ( 5) is that it

suggests the f low and heat t ransfer in the narr ow

( G= 0� 138) cavity occurs as a result of ro tat ion�
ally induced laminar free convect ion. T his f inding

is confirmed in the w ork by Long and T ucker
[ 5]

( 1994) , w ho made heat t ransfer measurements

from the peripheral shr oud o f a cav ity w ith a

similar gap rat io. For a w ider g ap rat io ( G =

0� 36, a/ b∀ 0� 1) tw o mechanisms w ere identif ied

by Long[ 4] ( 1994 ) as being responsible for the

heat t ransfer: r otat ionally induced buoyancy and

direct inf luence of the central throughf low .

An ear lier study carried out on an eng ine

representat ive g eometr y is repo rted by

Burkhardt et al.
[ 6]

( 1992 ) . T heir experimental

rig comprised f iv e cav it ies ( sim ilar to F igure 1

but having discs w ith a common hub radius)

w ith G= 0� 256 and a/ b= 0� 286, and tests w ere

carried out for 1� 9 � 10
6 # R e� # 5� 6 � 10

6
and

2� 7 � 10
4 # Rez # 9� 5 � 104

. T he test rig also car�
r ied a central drive shaf t which could be made to

either co�ro tate or contra�rotate. T he heat t rans�
fer fr om the discs w as found to increase w hen

the r otat ional speed o f the shaf t approached that

of the discs. For the central and outer par t of the

discs there w as reasonable agreement betw een

measured local Nusselt number s and tho se pre�
dicted by Equat ion ( 5) . M or e recent experimen�
tal w ork on an engine�repr esentative test rig w as

carried out by Alex iou et al. [ 7] ( 2000) , on the

disc and cone configurat ion of the current mult i�
ple cavity rig. T he heat t ransfer measurements

from the inner surface of the cone reveal tw o re�
g imes of heat t ransfer. For Ro/ (  ∀T av ) 1/ 2 < 6, the

heat t ransfer is governed by rotat ion, and by ac�
tion o f the throughf low fo r larger values of this

parameter . In the rotat ionally dominated r eg ime,

the heat t ransfer f rom the inner surface of the

cone depended on the sense of rotat ion o f the

central dr iv e shaf t and is consistent w ith the re�
sults of Burkhardt et al. In the throughf low dom�
inated r eg ime the Nusselt numbers show lit t le

consistent dependence on the direct ion of shaf t

rotation.

Ow en and Pow ell[ 8] ( 2004) made velocity

and heat t ransfer measurements in a sing le cavity

resear ch rig w ith an annular inlet , a/ b= 0� 4 and

s/ b= 0� 2. T ests w er e carr ied out for 4 � 105 <

Re�< 3� 2 � 106 and 1� 4 � 103< R ez < 5 � 104 . The

radial velocity w as found to be approx imately

tw o order s of magnitude smaller than the tan�
gent ial velocity , although the radial velocity is of

a sim ilar magnitude to the relat ive tangent ial ve�
locity. Further analysis of the velocity measure�
ments revealed behaviour that is consistent with

one, tw o o r thr ee pairs of cy clonic and ant icy�
clonic vo rt ices in the f low f ield. The heat tr ansfer

measurements add fur ther support to the ex ist�
ence of two dif ferent regimes: a buoyancy in�
duced r eg ime at larg e r otat ional speeds and small

ax ial f low , and a throughf low dominated regime

at the smaller v alues of rotat ional speed and lar�
ger values of axial throughf low .

Var ious numer ical studies have been carried

out: Long and T ucker
[ 9]
( 1994) , Long, M or se and

Tucker [ 10] ( 1997) , Tucker and Long[ 11] ( 1995)

and T ucker and Long[ 12] ( 1996) , Wong ( 2002)

Sun, Killfoil, Chew and H ills
[ 13]

( 2004 ) and

Tian, T ao, Ding and Xu[ 14] ( 2004) . In general,

these CFD studies have giv en r esults that are
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qualitat iv ely similar to experimental observat ions

and broadly similar to heat t ransfer and LDA

measurements. H ow ever, huge computational re�
sources ( months of CPU time) ar e required fo r

this t ime�dependent 3�D flow and the accuracy of

much of the w ork prio r to cir ca 2000 is con�
st rained by relat iv ely coarse gr id sizes and ques�
t ionable turbulence models. The recent 3D nu�
mer ical study by T ian et al. [ 14] ( 2004) suppor ts

the ear lier qualitat ive flow v isualisation w ork of

Farthing et al. Ow en et al.
[ 15]

( 2006) carried out

a numerical simulation and made comparisons

w ith exper imental measurements of tangent ial

velocity and heat tr ansfer in a sing le cav ity r ig

w ith only the downst ream disc heated. T he com�
puted flow str ucture show s the features ident i�
f ied by Farthing et al. and w ith the except ion of

one test case there is g ood ag reement betw een

the numerical results and the experimental meas�
urements. Bohn et al. [ 16] ( 2006) make a compari�
son betw een exper imental observat ions of f low

st ructure and tho se computed using a 3D t ime

dependent numerical code. The cyclone and ant i�
cyclone pairs observ ed in the experimental w ork

ar e also found in the computat ions. It is also see

that the number o f cy clone and ant icyclone pairs

can change w ith time. T he author s suggest that

the cyclone and ant icyclone pairs are created by

the buoyancy fo rce and their number and

st reng th is due to the Co riolis force. What ap�

pear s to be the f irst repo rted applicat ion o f a

Larg e Eddy Simulat ion to this flow is pr esented

by Sun et al. [ 17] ( 2006) w ho also make compari�
sons w ith measurements of shroud heat tr ansfer

and tangent ial v elo city obtained in the test r ig

used in this paper.

1 � Experimental apparatus, procedure
and data analysis

� � A full and detailed descript ion of the r ig ( in

disc and cone configur at ion) , its instr umentat ion

and ancillary equipment is available in the thesis

by Alex iou[ 18] ( 2000) , so only a brief descript ion

is g iven her e. The test rig for the w ork pr esented

here is show n in Figure 2, the ro to r has three in�
ternal discs forming four cy lindr ical cavit ies, the

disc bores are of ident ical inner radius and the

central drive shaft is stationary. T his rotor as�
sembly is bolted to gether at the per iphery and is

housed w ithin a steel pr essure casing . Each cy�
lindr ical cav ity has an inner radius rat io of , a/ b=

0� 318, and a gap rat io s/ b= 0� 194 ( dimensional

details ar e presented in non�dimensional f rom at

the r equest o f our indust rial sponsors) .

The ro to r is independent ly driven by an A.

C. motor up to 10 000 r/ min. A s in a high pr es�
sure compresso r, a steel ∃ drive % shaf t , runs

through the centre of the rig. T w o dif ferent de�
signs of drive shaft w ere tested w hich differ in

their outer radius. These w ill be refer red to as

F ig . 2 � Multiple cav ity t est r ig
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the narrow annular gap ( dh / b= 0� 092) and the

w ide annular gap ( dh / b= 0� 164) . T he drive shaf t

carries a f lat w indow made fr om 3 mm thick BK

7, Grade A opt ical quality glass, 20 mm w ide and

150 mm long, to prov ide opt ical access to the

cavit ies for LDA measurements. Air is supplied

to the rig by a single stage 275 kW Howden

screw compr essor w hich can deliver up to 1� 1
kg / s of air at 4 bar ( absolute) and 200 & . The

air f low rate is measured by a sing le orif ice plate

at inlet and by another at the exit . T he outer sur�
face o f the rotor assembly is heated by impinge�
ment of hot air obtained from tw o 10 kW Leister

5000 8D5 heaters.

The sur face temper atures o f the r otor as�
sembly and relevant air temperatur es are meas�
ured using calibrated 0� 25 mm wire diameter K�
ty pe ( NiCr�NiAl ) thermocouples. The lo cat ions

of these are also indicated in Figur e 2. Of part i�
cular interest are the thermocouples on Disc 2

( denoted by metal thermocouples N os. 3 to 11,

on Disc 3 ( Nos. 13 to 21) . T he air inlet tempera�
ture is measured by air thermocouples 32 and 33

and the air ex it temperature by Nos. 34 and 35.

All the ro to r instr umentat ion is led out to a 48�
way , Wendon slip ring unit driven f rom the up�
st ream side of the rig . T he signals f rom all the

temperature inst rumentation are recorded by a

Solart ron Orion data logger, w ith a sensitiv ity of

∋ 1#V co rresponding to ∋ 0� 025 & for the ther�
mocouples used. How ever, the overall uncertain�
ty in temperature measurement , w hich includes

the ef fects of measurement and calibration un�
certainty , is around an or der of magnitude grea�
ter than this f igure.

Velocity measur ements are carried out using

a DANT EC, LDA system. The discs are painted

black to reduce r ef lect ions and all the w indow s

have an ant i�reflect ive coating. T he t ransm it t ing

lens has a fo cal leng th of 250 mm and a beam

spacing o f 15 mm giving a probe vo lume length

of 4� 046 mm , 14 fring es w ith a spacing of 8� 579
#m. For seeding the cooling air f low , atomised oil

part icles ( ∀ 1 #m diameter) are injected through

the inner shaft dow nst ream o f the r otor inlet u�
sing a 6�jet T SI atomiser.

The data fr om the heat t ransfer and LDA

tests discussed here were acquired under thermal

steady state condit ions and w as confirmed by

monitoring a change in sur face temperatures of

less than 0� 2 & in a period of 5 minutes. The

variables invest igated, their r ange, the co rre�
sponding range o f the relevant non�dimensional

groups, tog ether w ith typical values fr om an en�
g ine, are g iven in T able 1.

Table 1� Range of experimental conditions

Narrow Annular

Gap H eat

Transfer

Narrow

Annu lar

Gap LDA

Wid e Annular

Gap H eat

T ran sfer

Wide Annular

Gap LDA

Uncertainty/

En gine

Value

Rotor sp eed �/ ( rad/ s) 57 # � # 615 123 # � # 306 65 # � # 608 65 # � # 570 ∋ 1 rad/ s

Cooling air f low rate m
 
/ ( kg/ s) 0. 164 # m

 # 0. 8 0. 184 # m
 # 0. 62 0. 16 # m

 # 0. 75 0. 2 # m
 # 0� 72 ∋ 3%

Inlet p ressure p in/ ( bar, abs. ) 2. 2# p in # 3. 16 2. 25 # p in # 3. 0 2. 3 # p in # 3. 7 2. 3# p in # 3. 1 ∋ 0. 1%

Inlet temperature T in / K 309 # T in # 324 311 # T in # 319 302 # T in # 339 302 # T in # 339 ∋ 0. 2 K

Disc average su rface tem�

peratur e
T s, av / K 328 # T s, av # 351 328 # T s, a v # 339 321 # T s, av # 353 321 # T s, av # 353 ∋ 0� 4 K

Shroud average surface

temperature
T sh/ K 359 # T sh # 407 361 # T sh # 376 353 # T sh # 386 353 # T sh # 385 ∋ 0. 4 K

Rotat ional Reynold s num�

ber
Re� Eqn. 1

4� 105 # Re� #

5� 106

9. 5� 105 #

R e� # 2� 106

4. 7� 105 # R e� #

5� 106

4. 7� 105 # Re� #

4. 1� 106
[ 8� 106 ]

Axial Reynolds num ber R ez Eqn. 2
4. 2� 104 # R ez #

1. 9� 105

4. 8� 104 # Re z #

1. 5� 105

43. 4� 104 # R ez #

2. 0� 105

4. 7� 104 # R ez #

1. 8� 105
[ 2� 105 ]

Rossby num ber R o Eqn. 3 0. 29 # Ro # 8. 6 1. 27 # R o# 5. 1 0. 14 # R o# 6. 8 0. 27 # Ro # 6. 8 [ 1. 5]

Disc Buoyan cy parameter  ∀T av

0. 04 #  ∀T av #

0. 13

0. 04 #  ∀T av #

0. 08

0. 017 #  ∀T av #

0. 09

0. 02 #  ∀T av #

0. 09
[ 0. 16]
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� � The steady�state temperature distr ibution in

a disc obeys the 2D conduct ion equat ion

 2
T

 z 2
+

 2
T

 r 2
+

1
r

 T
 r

= 0 (8)

� � The method used to obtain the heat transfer

results assumes that the disc has an adiabatic

mid�plane. T he heat f luxes are then obtained

from different iat ing the radial temperature dis�
t ribution. T his may be seen from integ rat ing E�
quat ion ( 8) over the half thickness o f the disc, t/

2, w ith an adiabat ic condit ion at z = 0( qz= 0 = 0)

and at the disc sur face z= t/ 2, qz= t/ 2 = - k( T/  
z ) z = t/ 2 , g iving

qz= t/ 2 =
kt
2

 2 T
 r2

+
1
r
 T
 r (9)

� � A radiat ion correction has been applied to

all the data. T his is based on a g rey body method

( see Long[ 1 9] ( 1999) ) applied to the same num�
ber o f surfaces as there are surface grid nodes.

The view factors are obtained from the catalogue

of How ell
[ 20]

( 1982) and w ith reference to the o�
r ig inal ar ticles cited in the catalogue. It is w orth

no ting that typogr aphical errors do exist in some

of the view facto r correlations and it is w orth a

cautionary no te here to r em ind the reader of this

fact . T he radiative heat f lux obtained fr om this

cor rect ion is typically less than 10% of the

measured total heat f lux .

The average Nusselt number s N uav are de�
f ined as

Nu av = qavb/ ∀T avk (10)

The lo cal temperatur e difference, ∀T , is the ap�
propriate surface to f luid value ( ∀T = T s - T r ef )

and,

T ref = T in +
�2
( r

2
- a

2
)

2Cp
(11)

The thermal conduct ivity, k, is ev aluated at T ref

( def ined above w here T in is giv en by the temper�
ature of air temper ature denote an average over

an area, A , betw een radius r i and b, e. g. thermo�
couples No. 32 and 33. T he subscript ∃av % is

used to

qav =
2%
A(

r
o

r
i

qr dr (12)

∀T av =
2%
A(

ro

r
i

∀T rdr (13)

� � The integ rals in Equations ( 12) and ( 13)

w ere calculated numerically using Simpson% s

rule.

An uncertainty analy sis has been applied to

the data presented here. T his calculates the N us�
selt numbers using measured values of surface

temperature that also include a randomly select�
ed component of the est imated uncertainty ( ∋
0� 43 K) . The process is repeated 100 t imes and a

stat ist ical variat ion in the Nusselt numbers is ob�
tained. T hese results suggest a typical variat ion

of ∋ ( 10~ 20) % in the average Nusselt number.

It is w o rth no ting that the method used to

obtain the heat t ransfer rates is st rong ly depend�
ent on the quality of the surface temperature

measurement . T hermocouples w ere used to

measure the sur face temperatures because physi�
cal access w as limited w hich w ould make the use

of thin f ilm gauges impr act ical. The tempera�
tures, the range o f variat ion and opt ical access al�
so made the use o f liquid cry stals impractical;

thermography w as not possible because of re�
st ricted opt ical access. While it may be po ssible

to reduce this level of uncertainty by a redesign

of the test rig , and not w ithout some element of

risk, the results are of signif icant value in pro vi�
ding data in a reg ion prev iously inaccessible.

2 � LDA velocity measurements

Simultaneous measurements of the axial and

tangential velocity components V z and V � were

made inside the test rig using the LDA sy stem

described in Sect ion 2. Opt ical access into the r ig

is provided thr ough mounting the LDA pr obe in�
side the non�ro tat ing drive shaft . The LDA

beams are dir ected into the cavit ies using a m ir�
ror also located inside the shaf t. T he location of

the probe vo lume inside the rig can be changed

by moving the mirro r and the probe. Ax ial move�
ment of just the probe changes the radial locat ion

of the probe vo lume w ithin a part icular cav ity,

mov ing both mirro r and probe changes the ax ial

posit io n. For al l the measurements pr esented

here, the mean value of velocity is est imated

from a minimum sample size of 100, although
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ty pical ly the sample size w as 5 000.

The ax ial component of velocity measured

inside the cavity w as found to be clo se to zer o fo r

all the conditions invest igated. The measured

values of ax ial velocity w ere in the annular pas�
sage betw een disc bore and the drive shaf t w ere

consistent w ith the value o f the bulk mean veloc�
ity. Figure 3 show s the variation of the radial

dist ribut ion of normalised tangent ial velocity

( V �/ �r ) for the w ide annular g ap ( dh / b =

0� 164) tests w ith Ro= 0� 27, 0� 53, 0� 94, 1� 67
and 3� 6. These measurements w ere made in the

mid�plane of Cavity 3. However, measurements

made in the mid�plane o f Cav ity 2, gave similar

results. M easurements w ere also made close to

the disc surfaces and these too gave sim ilar v al�
ues. The outer radius of the shaft is located at r/

b= 0� 236 and the bore of the discs at r / b =

0� 318. For Ro)0� 53 the tangent ial v elo city ex�
ceeds solid body rotat ion in the region r / b< 0� 4
and then decreases to V �/ �r= 1 further into the

cavity. As the Rossby number is reduced, there is

a tendency for the tangent ial velocity to behave

less like a f ree vortex ( w here V � ∗1/ r ) tow ards

the inner radius. T he behav iour of the tangent ial

velocity pro file w ith Rossby number in these

tests is consistent w ith the measurements of Far�
thing et al. [ 2] ( 1992a) , w ho found that reducing

the Rossby number reduces the peak value of the

no rmalised tangent ial velocity near the disc

bo re.

F ig. 3� Wide annular gap ( d h/ b= 0� 164) , var iation of

radial distribution o f non�dimensional tangential

v elocity w ith Rossby number .

A similar plot obtained from measurements

made in the test r ig w ith the narr ow er annular

gap ( dh / b= 0� 092) is presented in Figure 4. It is

clear that ther e is a significant difference be�
tw een these results and those show n in Figure 3

fo r the w ide annular gap. Fo r the narrow annular

gap, the values o f V �/ �r are seen to be alw ays

low er than solid body rotat ion and increase to

V �/ �r ∀1, further into the cavity . Since the size

of the annular gap tested dif fers by a factor of al�
most tw o, it is not unreasonable to expect that

this does have an inf luence on the f low inside the

cavity. In this case a reduction of the annular g ap

betw een the shaf t and disc bore attenuates the

inf luence of the thr oughflow on the tangent ial

velocity inside the cavity.

Fig . 4 � Narr ow annular gap ( d h/ b= 0� 092) , var iation

of r adial distr ibution of non�dimensional tangential

v elocity w ith Rossby number .

Some support fo r this can be found in the

measurements of Ow en and Pow ell[ 8] ( 2004) in a

rig w ith an annular gap of dh / b= 0� 026( r s =

145� 2 mm , a = 150 mm, b = 371 mm, s = 75� 2
mm) . These also show the behaviour noted in

the current narrow annular g ap data. The de�

tailed measurements of P incombe
[ 21]

( 1983) dis�
play tw o dif ferent types of behaviour co rre�
sponding to free and forced vor tex f low . For G=

0� 53, these dif ferences w ere att ributed to a

change f rom T ype 1a to T ype 2a ( non�ax isym�
metric to ax isymmetric) vo rtex breakdown. T his

could be of dir ect relevance to the present meas�
urements; the geometr y of the cavity affects the

mechanism o f v ortex breakdown which in turn

af fects the tangential velocity dist ribut ion inside
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the cavity .

3 � Disc heat transfer

Figure 5 show s the measured and f itted sur�
face temperature dist ribut ions for dh / b= 0� 164
at R e�= 1� 95 � 106 and Re z = 8 � 104 ( Ro= 0� 79) .
A prof ile of the disc shape is included under the

ho rizontal axis for refer ence. T he f it ted tempera�
ture distr ibutions show n in Figure 5 appear to be

a reasonable fit to the measured data. It should

be noted that the temperatures measured at the

disc bor e and on the disc cob ( r / b= 0� 32 and

0� 32< r / b< 0� 4, respectiv ely ) are not used in

obtaining the radial temperature f it . T his is be�
cause o f the dif f iculty in pr escribing how the sur�
face temper ature w il l vary over a region o f var�
y ing disc thickness. It is evident f rom Figure 5

that there is only a very small temperature

dif ference acr oss the ax ial thickness of the disc.

For this reason, and considering the adiabatic

mid�plane assumpt ion implicit in the conduct ion

solut ion method, it is probably unw ise to draw

to o much from the lo cal Nusselt numbers. But

the aver age Nusselt numbers are expected to

pro vide reasonable est imates of the heat transfer

from the discs.

F ig. 5� Measured and fitted sur face t em perat ur es fo r

dh / b= 0� 164 wit h Re�= 1� 95� 106 ,

Re z = 8� 104 , Ro= 0� 79.

The var iat ion of average Nusselt number,

N uav , w ith ax ial Reyno lds number, Rez , for d h / b

= 0� 092 ( narr ow annular gap) and fo r v ar ious

values of ro tat ional Reynolds number, R e�( Re�=

0� 5 � 10
6
, 10

6
, 2 � 10

6
and 4 � 10

6
) , is show n in

Figure 6. Values o f Nusselt number are show n

fo r both Disc 2 and Disc 3 and there appears to

be lit t le signif icant dif ference betw een these.

There also appears to be a clear t rend�increasing
the ax ial Reynolds number increases the average

Nusselt number. For the larg er v alues o f R ez

( Rez > 105 ) and the low er values of Re� ( R e�, <

106 ) , i. e. the lar gest values o f Rossby number,

this increase is mor e not iceable. There is some

ev idence, at R ez < 10
5
, to suggest that increasing

the ro tat ional Reynolds number increases the av�
erage Nusselt number and the r esults fo r Rez >

105 suggest the opposite is tr ue as incr easing R e�

actually decr eases the Nusselt number. This is

consistent w ith the f indings of Bohn et al. [ 22]

( 1994) , w ho also no ted the at tenuating effect of

the Cor io lis acceleration.

Fig . 6 � Narr ow annular gap ( d h/ b= 0� 092) , var iation

of N uav w ith Re z for various values of Re�.

A corresponding plot , but for the w ide an�
nular g ap data, is show n in Figure 7. The overall

impr ession is that for the same value of R ez and

Re�, the average Nusselt number f rom the disc

surface is increased by increasing the size of the

annular gap betw een the shaft and disc bore. The

behav iour show n in Figure 6 where at the lar ger

values of Rez increasing R e� actually decreases

the Nusselt number does not seem to occur with

the w ide annular g ap. T his and the higher overall

lev el of heat transfer must be caused by a a

dif ference in geometry. Equal values of Rez imply

that the average velocity of the throughflow is

low er in the w ider annular gap. Consequently

there w ill be a greater tendency fo r the flow to
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penetrate the cavity and interact w ith the disc

surfaces. If this is the case, then a gr eater sensi�
t ivity to the ro tat ional Reyno lds number may be

expected to be shown in Figure 7 compared to

Figure 6. It is possible that this is reflected in the

data but the results are far f rom conclusive.

F ig. 7� Wide annular gap ( d h/ b= 0� 164) , var iation of

Nuav w ith Rez fo r v arious values o f Re�.

From the preceding to f igures, it is apparent

that a simple plot of average Nusselt number a�
gainst axial Reynolds number does no t adequate�
ly co llapse the heat t ransfer data. A number of

at tempts have been made at correlating the aver�
age Nusselt numbers and the most prom ising of

these uses the parameter N uav / R e�
1/ 2

plo tted a�
gainst the Rossby number, Ro. It is w orth not ing

here that a previously used parameter, the buoy�
ancy number, and the Rossby number differ

through the inclusion of the dimensionless tem�
peratur e  ∀T av in the buoyancy number. The

Rossby number has been cho sen for use here as

this w as found to g ive a small reduct ion in the

scat ter of the data. The parameter  ∀T av was

varied ( 0� 04<  ∀T av< 0� 13 for dh / b= 0� 092 and

0� 017<  ∀T< 0� 09 for dh / b= 0� 164) but not in

any systemat ic sense. Further w ork is therefore

required to establish the relev ance of this param�
eter in characterising the disc heat t ransfer re�
sults.

Figure 8 show s the variat ion of N uav / R e�1/ 2

w ith Rossby number for bo th sets of data. Fo r

clarity only the results for Disc 2 ar e show n but

as previously noted tho se for Disc 3 are sim ilar.

For Ro< 4. the incr ease in heat t ransfer w hich

results f rom a w ide annular gap between shaf t

and disc bo re is easily seen in this f igure.

F ig . 8 � Co rr elation and comparison between aver age

Nusselt number s fo r the narr ow

and wide annular gaps

4 � Conclusions

This paper has presented results f rom tests

carried out on a heated multiple ro tat ing cavity

test rig. T his is designed to be a 70% full scale

replica of a high pressur e compressor internal air

sy stem o f an ax ial g as turbine engine. T he main

interest is the f low in the cav it ies formed be�
tw een the adjacent heated disc surfaces and the

interact ion of this f low w ith the central through�
flow of co oling air. Tw o dif ferent build o f the

test rig have been invest ig ated, these dif fer by

the size of the annular g ap betw een the central

drive shaf t and the disc bores.

Measurements of heat t ransfer and f low ve�
locity w ere made inside the rig for a range of

non�dimensional condit ions that ar e representa�
tive of those found inside an engine ( v alues of

rotational Reyno lds number up to Re� = 5 � 106

and ax ial Reyno lds numbers up to Rez = 2 �

105 ) . Heat t ransfer measurements from the disc

surfaces w ere made using a conduct ion so lut ion

method. Measurements o f tangent ial velocity in�
side the cav it ies w ere made using an LDA sys�
tem, w ith opt ical access being provided through

the drive shaf t.

The main conclusions f rom this w o rk are

summarised below :

Although it w as not possible to make meas�
urements inside the disc boundary layers, the

tangential velocity does not appear to vary acr oss
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the ax ial w idth of a cavity . T he axial velocit ies

inside the cav ity are clo se to zero . For the w ider

annular gap betw een shaft and disc bo re, the

maximum value of V �/ �r occurs close to the in�
ner r adius of the cavity and its magnitude increa�
ses w ith increasing Rossby number. T he non�di�
mensional tangent ial v elo city decreases f rom this

maximum value to solid body ro tat ion V �/ �r=

1, as r / b> 0� 6. For the narr ow annular gap, the

non�dimensional tangent ial v elo cit ies tend to not

show a max imum until solid body rotation is a�
chieved near the outer radius. This differ ence in

radial variat ion in tangent ial velocity is at tr ibu�
ted to a difference in the inf luence of the central

throughf low on the f low inside the rotating cavi�
t ies and a narrow annular gap attenuates this in�
teract ion.

The disc heat t ransfer also exhibits a de�
pendence on the size of the annular g ap. T her e is

a st ronger dependence on axial Reyno lds number

compared w ith ro tat ional Reyno lds number; in�
creasing Re z tends to increase the average N us�
selt number.

Acknowledgements

The authors w ish to express their thanks to

the follow ing org anisat ions w hich have suppo r�
ted this research w ork: The Engineering and

Physical Sciences Research Council, Ro lls�Royce
Plc, the European U nion and part icipating com�
panies in the ICAS�GT2 ( Flow and Heat T rans�
fer in the Rotat ing Cooling Air Systems of Gas

Turbines 2) prog ramme of resear ch, funded by

the 5th Framew o rk of the GROWTH pro�
g ramme of the European U nion. We are also

grateful to M r. Nicolas Mich� for oper at ing the

test rig.

References:

[ 1 ] � Rolls�Royce. T he jet engine [ M ] . Rol ls�Royce Publ ica�

t ions, 2005.

[ 2 ] � Farthing P R, Long C A, Ow en J M , et al. Rotat ing cavity

w ith axial th roughf low of coolin g air: fl ow st ru cture[ J ] .

ASME, Jou rnal of T urbomach inery, 1992, 114: 237�246.

[ 3 ] � Farthing P R, Long C A, Ow en J M , et al. Rotat ing cavity

w ith axial throughf low of cooling air: h eat t ransfer [ J ] .

ASME, Jou rnal of T urbomach inery, 1992, 114: 229�236.

[ 4 ] � L on g C A. Dis c heat t ransfer in a rotat ing cavity w ith an

axial throughf low of cooling air[ J ] . Internat ional J ou rnal

of Heat an d Fluid Flow , 1994, 15: 307�316.

[ 5 ] � L on g C A, T uck er P G. S hroud heat t ransfer measure�

m ents f rom a rotatin g cavity w ith an axial throughf low of

air [ J ] . ASME, Journal of Tu rbomachinery, 1994, 116:

525�534.

[ 6 ] � Burk hardt C, Mayer A, Reile E. T ran sien t th ermal behav�

iou r of a compressor rotor w ith axial cooling air f low and

co�r otat ing or cont ra�rotat ing shaf t [ R] . AGARD�CP�

527, 21�1 to 21�9, 1992.

[ 7 ] � Alexiou A. Flow and heat t ransfer in gas turbine H . P.

compressor internal ai r systems [ D] . Phil . T hesis, Sch ool

of Engineering, U nivers ity of S ussex, 2000.

[ 8 ] � Ow en J M, Pow ell J . Buoyancy induced f low in a heated ro�

t at ing cavity[ R] . Paper No. GT2004�53210, Presented at

th e ASME T urbo Expo, Vienn a, Au st ria: 2004.

[ 9 ] � Long C A, Tucker P G. Numerical computation of lam inar

flow in a heated rotat ing cavity w ith an axial th roughf low

of air[ J ] . In ternat ion al J ou rnal of Num erical M ethods for

Heat and Fluid Flow , 1994, 4: 347�365.

[ 10] � Long C A, Morse A P, Tucker P G. Measurem ent an d

computation of heat t ran sfer in high pressu re comp ress or

drum geomet ries w ith axial through flow [ J] . ASME, Jour�

nal of T urbomachin ery, 1997, 119: 51�60.

[ 11] � T ucker P G, Long C A. CFD predict ion of vortex break�

dow n in a rotat ing cavity w ith an axial th roughf low of ai r

[ J ] . Internat ional Communicat ion s in H eat and Mass

Transfer, 1995, 22( 5) : 639�648.

[ 12] � T ucker P G, Long C A. Numerical invest igat ion into inf lu�

ence of geomet ry on f low in a r otat ing cavity w ith an axial

th roughf low [ J ] . In ternat ion al Communicat ions in H eat

and Mass T rans fer, 1996, 23( 3) : 335�344.

[ 13] � Sun Z, Kilfoil A , Chew J W , et al . Numerical simu lat ion of

natural convect ion in stat ion ary and rotat ing cavit ies[ R] .

Paper No. GT2004�53528, Pres ented at the ASME Tu rbo

Expo, Vienn a, Au st ria: 2004.

[ 14] � T ian S , Tao Z, Din g S, et al. Invest igat ion of f low and heat

transfer ins tabili ties in a rotat ing cavity w ith axial

th roughf low of cooling air[ R] . Paper No. GT2004�53525,

Presented at the ASME T urbo Expo, Vienn a, Aust ria:

2006.

[ 15] � Bohn D, Ren J, Tu emm ers C. Invest igat ion of the unstable

flow st ructur e in a rotat ing cavi ty [ R ] . Pap er No.

GT 2006�90494 Pres ented at th e ASME Turb o Expo, Bar�

celona, Spain: 2006.

[ 16 ] � Ow en J M, Abraham sson H , Lin dblad K. Buoyancy�in�

du ced flow in open r otat ing cavit ies [ R ] . Paper No.

GT 2006�91134, Presented at the ASME Tu rbo Ex po,

Barcelona, Spain: 2006.

[ 17] � Sun Z, Lin dblad K, Chew J W , et al. LES and RANS inves�

t igat ion s into Buoyancy� af fected convect ion in a rotatin g

cavity w ith a cent ral axial throughf low [ R] . Paper No.

692



� 第 5 期 Christopher Long , et al. : The effect o f inlet conditions on the flow and heat transfer in !

GT 2006�90251, Presented at the ASME Tu rbo Ex po,

Barcelona, Spain: 2006.

[ 18] � Alexiou A, Hill s N J , L on g C A, et al. H eat trans fer in

high pres sure compressor internal ai r systems: a rotatin g

disc� cone cavity w ith axial throughf low [ J] . In ternat ional

Journal of Ex perim ental H eat T ran sfer, 2000, 13: 299�

328.

[ 19] � L ong C A. Ess ent ial heat t ransfer[ M ] . Lon gman , Lon don:

1999.

[ 20] � H ow ell J R. A catalog of radiat ion conf iguration factors

[M ] . McGraw�H ill Book Com pany, New York: 1982.

[ 21] � Pincombe J R. Opt ical m easurements of th e f low insid e a

rotat ing cylinder[ D] . D. Phi l T hes is, S chool of Engin eer�

in g and Applied Science, Un iversity of Sus sex , 1983.

[ 22] � Bohn D, Dibeliu s G H , Deuk er E, et al. Flow pat tern an d

heat t ransfer in a closed r otat ing annulu s[ J] . ASM E, J .

Turb om achinery, 1994, 116: 542�547.

693


