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Abstract: Rotating�disc systems can be used to model, experimentally and computationally, the flow and heat

transfer that occur inside the int ernal co oling�air systems of g as turbine eng ines. These r otating�disc systems

have been used successfully to simplify and understand some o f the complex flows that occur in internal�air sys�
tems, and designers have used t his insight to improve the cooling effectiveness, thereby incr easing the eng ine ef�
ficiency and reducing the emissions. In this review paper , three impor tant cases a re consider ed: ho t�gas ingr ess;

the pre�sw ir l system; and buoyancy�induced flow .

Ing ress, o r ing est ion, o ccurs w hen hot gas fr om the mainstr eam gas path is ingested into the w heel�space

betw een the turbine disc and its adjacent casing. Rim seals are fitted at the per iphery of the system, and sealing

flow is used to reduce or pr event ingr ess. However, t oo much sealing air r educes the eng ine efficiency , and too

lit tle can cause ser ious overheating , r esulting in damage to the turbine r im and blade roo ts. A lthough the flow is

three�dimensional and unsteady, t her e are encouraging signs that simple� o rifice models� could be used to esti�
mate the amount of ing ress into the wheel�space.

In a pre�swirl sy st em, the cooling air fo r the gas�turbine blades is swirled by stationar y no zzles, and t he air

is deliver ed to the blades via r eceiv er holes in the rotat ing turbine disc. Sw ir ling the air reduces its temperatur e

relat ive to the r otating blades, and the designer needs to calculate the air temperature and pressure drop in the

sy stem. The designer also needs to calculate the effect of this sw ir ling flow on the heat tr ansfer from the tur�
bine disc to the a ir, as this has a significant effect on the temperature distr ibution and stresses in the disc. Re�
cent experimental and comput at ional studies have giv en a better under standing o f the flow and heat t ransfer in

these systems.

Buoyancy� induced flow occurs in the cavit y between tw o co�rot ating compresso r discs w hen the tempera�
tur e o f the discs is higher than that o f the air in the cav ity . Cor iolis for ces create cyclonic and anti�cyclonic cir�
culation inside the cavity and, as such flows are t hr ee�dimensional and unsteady, t he heat tr ansfer from the discs

to the air is difficult either to compute or t o measure. The flow also tends to be unstable and one flow structur e

can change quasi�randomly to another , w hich makes it hard fo r designers o f aer o�engines to calculate t he transi�
ent temperature changes and thermal stresses in the discs during t ake�o ff, cruise and landing conditions. A l�
though recent CFD research has been successful in computing these flows, it w ill be many years befo re the de�
signer can rely on computat ions unless they have been validated on reliable experimental data.
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Nomenclature

a   r oto r inner r adius

b r oto r outer radius

cp specific heat capacity at constant

pressure

CD discha rg e coeff icient

Cp, max nondimensional pressur e difference

( = �p max / 0� 5�W2 )

Cw nondimensional flow rate ( = m
!

/  b)

Cw , min minimum value of Cw to prevent

ing ress

g centripetal acceleration

G gap ratio ( = s/ b)

Gc seal�clearance ratio ( = sc / b)

Gr Grashof number ( = gL 3!�T /∀2)

h heat tr ansfer co eff icient

k thermal conductiv ity of air

K empir ical constant

L character istic leng th

m
!

mass flow rate

M disc moment

N u Nusselt number ( = qw L/ k�T )
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p max nondimensional pressur e par ameter

( = 0� 5Cp, max Re2
w )

Pr P randt l number( =  cp / k)

qw r oto r w all heat f lux

r r adius

r p, r b r adii of pr e�sw ir l nozzles and receiv�

er ho les

Ra Rayleigh number ( = gL 3!�T /#2 )

Rez , Rew  ax ial Reynolds number ( = W L /∀)

Re∃ r otational Reyno lds number ( = �%b2 / )

Ro Rossby number ( = W / %a)

t time

s ax ial space betw een discs

sc seal clearance

T static temperatur e

T o to tal temperatur e in stat ionary

fr ame

T t to tal temperatur e in rotat ing fr ame

V r , V ∃ r adial, tangent ial components of ve�

locity in stationar y fr ame

V * cir cumfer ential�aver age r adial v eloc�

ity

W r epr esentative ax ial v elocity

x nondimensional r adius ( = r / b)

z ax ial dist ance from disc

# therma l diffusivit y

! sw ir l r at io ( = V ∃/ % r ) , or volume

expansion coefficient

& nondimensional sealing par ameter

( = Cw / GcRe∃)

∋ r atio of specific heats

( r atio of speed of slower disc to that

o f fast er disc

�T temperatur e differ ence

�p max max imum cir cumferential pressur e

differ ence in annulus

) coo ling effect iveness ( = m
!

o/ ( m
!

o+ m
!

i ) )

∗ b, ad adiabatic effectiveness o f pre�swirl

sy stem

+T turbulent flow par ameter

( = Cw / Re0. 8
∃ )

 dynamic v isco sity

∀ kinematic v isco sity

� density

% angular v elocit y of r oto r

% c angular speed of air in cavity

Subscr ipts

ad adiabatic

b blade�coo ling flow

i ing ress, o r isentropic

max max imum

min minimum

o superpo sed outflow

p pre�sw ir l flow

s stato r

w roto r

∃, r , z circumfer ential, radial, ax ial dir ec�

t ion

∀ value in core at z / s= 0. 5

1, 2 upst ream, dow nstr eam locat ions in

str eam tube

Introduction

Fig. 1 show s a sim plif ied diagram of the in�
ternal cooling�air system of a gas turbine eng ine.

The cooling air for the f irst�stage turbine blades

is ex t racted f rom the H P ( high pr essure) com�
pressor o f the engine, and the designer t ries to

minim ise the am ount o f air ex tr acted w ithout ad�
versely af fecting the life of the blades and other

crit ical components. It is w orth not ing that the

mainstr eam gas tem peratures in an engine can be

over 1 600 # , w hich is above the melt ing point o f

super�al loys, and the temper ature of the H P air

can be over 700 # . U p to 20% of the engine cor e

flow is used for coo ling and sealing purpo ses, and

this can cause a 5% loss in the available energ y

in the fuel.

Rotat ing�disc system s[ 1, 2] , as show n in Fig.

2, can be used to model, exper im entally and com�
putat ionally, the flow and heat tr ansfer that oc�
cur inside the internal air sy stems of gas turbine

engines. Fo r example, a r otor�stato r system ( Fig.

2( b) ) , incor porat ing a sing le disc rotat ing clo se

to a stat ionary disc, can be used to represent an

air�coo led turbine disc ro tat ing close to a stat ion�
ary casing. A rotating cavity can be used to re�
present two co�rotat ing turbine ( F ig. 2 ( c ) ) o r

compressor ( Fig. 2( d) ) discs. Rotat ing�disc sys�
tems have been used successfully to simplify and

understand some of the complex f low s that occur

in internal�air sy stems, and designers have used

this insight to improve the cooling effect iv eness,

ther eby incr easing the engine eff iciency and re�
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Fig. 1 Schemat ic diag ram o f a gas�turbine coo ling and sealing sy st em ( From Ro lls�Royce ∃ The Jet Eng ine% )

ducing the emissions. In this paper, three impor�
tant cases are considered: hot�gas ing ress in a ro�
to r�stator system; pre�sw irl systems; and buoyan�
cy�induced f low in r otat ing cavit ies. These cases,

w hich have been the subject of much recent in�
terest in the European gas�turbine comm unity [ 3] ,

ar e probably the m ost im por tant in the design o f

internal air sy stems.

Although numerous nondim ensional v aria�
bles are used in the study of f low and heat t rans�
fer in rotat ing�disc sy stems, the most important

flow par am eters are the rotational Reynolds

number, Re∃, the nondim ensional f low rate, Cw ,

and the turbulent f low parameter, +T , w hich ar e

defined as:

Re∃ = �%b
2
/  ; Cw = m

!
/  b; +T = Cw / Re

0. 8
∃

( 1)

  +T , w hich depends on the o ther tw o parame�
ters, is related to the f low rate ent rained by a f ree

disc ( see Fig. 2 ( a ) ) w here, from turbulent

boundary�layer theory, the entrained flow r ate is

given by

Cw = 0. 22Re
0. 8
∃ ( 2)

H ence, +T = 0. 22 co rresponds to a f low r ate equal

to the fr ee�disc entrainment r ate. In an eng ine,

R e∃ is of the order of 107 and +T &0� 1 and 0� 4 fo r

sealing and blade�cooling f low s respect ively.

For buoyancy�induced flow , the Grashof

number, G r, is an important parameter, w here

Gr = g!�TL
3
/∀

2
( 3)

L is a character ist ic length, �T is a char acterist ic

temperature dif ference, and g is the centripetal

acceler at ion, %
2
r , w here r is an appropriate r adi�

us. In the ro tat ing cavit ies betw een compresso r

discs, Gr is of the order of 1014 .

1  The ingress problem

Fig. 2( b) show s a schem at ic diag ram o f in�
g ress in a sim ple rotor�stator system w ith an ax i�
al�clearance seal, w hich is used to m odel the tur�
bine rim seal. Ingress, or ing estion, occurs w hen

ho t gas f rom the mainst ream gas path is ingested

into the w heel�space betw een the turbine disc

and its adjacent casing . Rim seals ar e f itted at the

periphery of the sy stem, and sealing flow is used

to reduce or prevent ing ress. H ow ever, to o much

sealing air reduces the engine eff iciency, and to o

litt le can cause serious overheat ing , result ing in

damage to the turbine rim and blade roots. T his

is probably the m ost important of the �rotating�

507



航  空  动  力  学  报 第 22 卷

F ig. 2 Rotating�disc systems used to model gas�turbine cooling sy stems

disc problems� facing engine designers, and con�
siderable internat ional research ef fo rt has been

devoted to f inding acceptable design criteria.

Ingr ess occurs w hen the pressure in the ex�
ternal f low near the rim seal is higher than that

in the w heel�space; this appear s to be a necessary

but not suf f icient condition for the ex ternal g as

to flow through the seal clearance into the

w heel�space. T he ingested gas then f low s radial�
ly inw ard in the boundary lay er on the stator,

from w here it moves ax ially across the ro tat ing

cor e of air in the w heel�space to be entrained into

the boundar y layer on the turbine disc ( o r rotor)

and mixes w ith the superposed f low of sealing

air. The gas leaves the w heel�space via the r im

seal through w hich it entered the sy stem. ( F ig. 2

( b) show s the gas entering the system on the

stato r�side of the w heel�space; in an engine, the

�bow w aves� created by the leading edge of the

turbine blades can cause the gas to enter on the

rotor�side. )

At the Univer sity of Sussex, Bayley and

Ow en[ 4] presented exper im ental results for a

simple rotor�stator system w ith an axial�clear�
ance rim seal ( see Fig. 2( b) ) in w hich there w as

a superposed radial flow of air that discharg ed

through the seal into the atmosphere. Ow ing to

the sub�atmospheric pressure cr eated by the ro�
tat ing flow in the sy stem , external ( atmospheric)

air could be draw n into the w heel�space. Increas�
ing the superpo sed f low rate increased the rela�
tive pressure inside the w heel�space and conse�
quently reduced the amount of ing ested air. At

suff icient ly high superposed f low rates, w here

Cw ∋Cw, min , ing ress did not occur.

Bayley and Ow en used a simple �orif ice

model��t reating the seal clearance as an orifice�
and show ed that the minim um nondim ensional

flow rate to prevent ingress, Cw, min , w as pr opo r�
tional to the rotat ional Reyno lds number, and to

the seal clearance r at io, G c. U sing their measured

pressures for Gc = 0� 0033 and 0� 0067, and Re∃ (

4 ) 106 , they proposed the fo llow ing criterion:

Cw, min = 0� 61Gc Re∃ ( 4)
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This cor responds to &min = 0� 61, w here & is a

nondim ensional sealing parameter defined in the

Nomenclatur e.

Phadke and Owen
[ 5]

, who conducted experi�
ments with a radial�clearance seal at Sussex, also

found a linear variation of Cw, min with Re∃. Graber et

al. [ 6] made concentration measurements with CO2 to

determine the cooling effectiveness, ), for several seal

geometries. Their rig had an ex ternal annulus, and

they conducted tests for two different values of sw irl

ratio ( != 1 and 2) in the annulus. Although they

found that their values of Cw, min w ere in reasonable

agreement with the Sussex correlations, their results

showed that & w as not constant but decreased w ith

increasing Re∃.

Chew
[ 7 ]

developed a theoretical model,

w hich coupled the boundary�lay er flow in the

w heel�space w ith an orif ice m odel fo r the seal.

As stated in Sect ion 1, boundary�lay er f low in

rotating�disc sy stems depends on +T , the turbu�
lent f low parameter, and Chew used this to co r�
r elate his theoret ical model w ith the available

measurem ents. Although his m odel show ed that

&min w as not a constant �as suggested by Bay ley

and Ow en �but depended on +T , his results w ere

in r easonable ag reem ent w ith the Sussex data.

As show n in Fig. 3, Chew � s m odel w as also in

good ag reement w ith the values o f )measured by

Gr aber et al. It should be noted that )= 1 co rre�
sponds to zero ingress, and )= 0 occurs w hen the

superposed cooling f low is zero. ( As stated a�
bove, a value of +T = 0� 22 corresponds to the

free�disc entrainm ent rate. )

F ig . 3  Compar ison bet ween measured and calculated

coo ling effectiveness

Symbols: exper imental data[6] ; line: theor y[ 7]

Abe et al. [ 8] , w ho used a rig w ith vanes in

the annulus upst ream o f the rim seal, w ere the

first to show that ing ress could be dominated by

the external f low in the annulus rather than by

the r otat ion o f the disc. Phadke and Ow en[ 9, 10, 11]

used f low v isualisat ion, pressure and concentra�
tion m easurements to determ ine Cw , min in a sim ple

rotor�stator system w ith a num ber o f different

rim�seal g eometr ies, w ith and w ithout an ex ter�
nal f low of air . ( It should be noted that there

w ere no vanes or blades in the ex ternal annulus

of their rig ; the circum ferent ial pr essure asym�
m etries referred to below w er e created by bloc�
king sections o f the annulus w ith w ir e mesh. )

They ident if ied two regimes: rotat ionally�induced

ing ress w here, w ith no ex ter nal f low , Cw , min in�
creased w ith increasing R e∃; ex ternally�induced

ing ress w here, with non�axisymm etric ex ternal

flow, Cw , min w as independent o f Re∃ and increased

w ith increasing Rew ( w here Rew is the ax ial�f low

Reynolds num ber in the external annulus ) .

H ow ever, fo r the case of quasi�axisymm etric ex�
ternal flow ( w ith lit t le o r no circum ferent ial

pressure variat ion in the annulus) , they found

that Cw, min could decrease w ith increasing ex ter�
nal f low . Their m easured var iat ion of Cw, min with

Rew is show n in Fig. 4 for an axial�clear ance seal

w ith Gc = 0� 01. Fo r Rew = 0, w her e rotationally�
induced ingress occurs, Cw , min ∗R e∃; fo r larg e val�
ues of R ew , w here ex ternally�induced ingress

dom inates, Cw, min ∗ Rew ; for interm ediate values

of Rew , a m inimum value of Cw , min can be seen to

occur.

Phadke and Ow en correlated their results

fo r ex ternally�induced ingress, based on f low vis�
ualisat ion for a num ber o f different seal g eome�
tries, by :

Cw, min = 2,KG c p
1/ 2
max ( 5)

w here

p max = 0� 5Cp, max Re
2
w ( 6)

Cp, max is a nondimensional pressure dif ference in

the ex ternal annulus and K is an empirical con�
stant ; the data w ere correlated w ith K = 0� 6, as

show n in Fig. 5. It should be noted that , al�
though p max is the contr olling parameter, for a
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given external geom etry or in an engine, Cp, max is

expected to depend only w eakly on r otat ional

speed and flow rate. H ence, Cw , min ∗Rew , as Eqs.

( 5) and ( 6) show and as Fig. 4 illust rates. Later

experiments conducted by T urner et al. [ 12] ,

H am abe and Ishida[ 13] and Bohn et al. [ 14] also

show ed that the ex ternal pressure asymm etry,

generated by vanes or blades in the annulus,

plays a dom inant role in creat ing ingr ess.

Symbo l

R e∃ / 106  
+
0

 
,

0. 2
 

 
0. 4

 
−

0. 6
 

)
0. 8

 
�

1. 0
 

.
1. 2

Fig. 4 Var iation o f Cw , min w ith Rew fo r

axial�clear ance seal, Gc= 0� 01 [11]

F ig. 5 Var iation o f Cw, min w ith p [ 11]
max

( Symbols represent experimental data;

line cor responds to Eq. ( 5) )

Using concentration measurements in an ex�
perimental r ig that modelled a turbine stage

( w ith a single row of vanes and blades) , Bohn et

al. [ 15] obtained an alternative correlat ion for ex�
ternally�induced ingress in w hich the coo ling ef�
fect iveness, ), w as cor related in term s o f Cw , Gc

and Cp, max . T he co rrelations o f Cw, min for the four

seal g eom etries show n in Fig. 6 display the linear

variat ion o f Cw, min w ith C
1/ 2
p, max that w as found by

Phadke and Ow en, but the value o f K = 0� 6 sug�
gested by the lat ter authors produces a conserva�
tive est imate for Cw, min . It can be seen from Fig. 6

that the double�radial seal ( conf igurat ion 4) is

the m ost ef fectiv e of tho se tested.

F ig . 6  Variation of Cw, min w ith Cp, max
[ 15]

( Symbo ls represent experimental data;

lines cor respond to co rr elations. )

Johnson et al.
[ 16]

estimated the cooling ef�
fect iveness using an orifice model, in w hich the

seal clear ance w as t reated as an or if ice w ith an

unknow n dischar ge coef ficient, CD . T hey com�
pared their est imates w ith m easurements in an

experim ental rig ( see Bohn et al. [ 17] ) that inco r�
porated a turbine stag e w ith 16 vanes and 32

blades. ( Bohn et al. noted in their paper that,

because of the high pressures upst ream o f the

rotating blades, the ing ress had its max im um

value in front o f the blades, and the negat ive ra�
dial v elo cit ies at these positions could be up to

tw enty t imes g reater than the po sit ive velocit ies

asso ciated w ith the superpo sed f low of sealing

air. ) Fo r the ex ter nal circumferent ial pressure

dist ribut ion in their m odel, Johnson et al. used

the values obtained from 2D time�dependent

CFD, w hich allow ed the ef fects of the vane

w akes and the blade bow w aves to be taken into

account . F ig . 7 show s the variat ion o f the theo�
ret ical and experimental v alues of ) w ith the ve�
locity rat io , V

*
/ %b, w here V

* is the modelled

circum ferent ial�average velocity through the seal

clearance; it can be show n that V
*

/ %b ∗ &. Their

orif ice model, w ith CD= 0� 4, provides a good fit

to the exper im ental data; the choice of CD w ill

depend on the system geom etry .
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Fig. 7 Var iation o f co oling effectiv eness wit h

velo city ratio [16] ( Gr ey band repr esents

r ange of exper iment al data;

curve co rresponds to or ifice model. )

CFD has been used w ith some success fo r

the ingress problem, but care must be exercised

in com put ing these unsteady 3D flow s. Although

som e measurem ents have show n that the nonax i�
sym metr ic pressure distr ibut ion created in the

annulus can be at tenuated after the ingested f low

has passed through the rim seal, the com bined

experimental and computat ional study of Cao et

al. [ 18] has show n that the sw irling ing ress can

destabilise the rotat ing f low in the w heel�space.

The instabilit ies can cr eate a series of cells w ith

a circum ferent ial periodicity differ ent from that

of the vanes or blades. ( T hese cells m ay be relat�
ed to those found in buoyancy�induced f low , in

w hich a circum ferent ial dist ribut ion o f pressure

is needed to create the necessary Coriolis

fo rces. ) T he autho rs suggest that a �segm ental

dom ain� in CFD ( w here com putat ions are con�
ducted over an angular segment co rresponding

to , for example, the vane pitch) m ay be unable to

capture these instabilit ies. H ow ever , their com�
putat ions for a 90/ segm ent show ed larg ely g ood

ag reem ent w ith tho se for the full 360/ domain.

The above descript ion o f the ing ress prob�
lem is an at tempt to simplify w hat is a very com�
plex phenomenon. As w ell as the papers cited a�
bove, Refs. [ 19�32] contain further experim ental

and computat ional studies of the ingress prob�
lem. In part icular, the paper by Johnson et al.

[ 21]

discusses addit ional ingest ion mechanisms to

those referred to above.

2  Pre�swirl systems

A simplif ied diagr am of the so�called direct

t ransfer pre�sw irl system is show n in Fig . 8

w here the blade�cooling air is supplied to the ro�
tat ing high�pressure blades by stat ionary pr e�
sw irl no zzles. The nozzles sw irl the air, and this

reduces the w ork done by the rotating turbine

disc in accelerat ing the air to the disc speed and

consequent ly reduces the to tal temper ature of

the air enter ing the receiv er holes in the disc.

Fig. 8 Simplified diag ram o f direct�tr ansfer

pr e�sw ir l coo ling system

Fig. 9 show s a schemat ic diagr am of the tw o

pre�sw irl system s that are in com monuse: the di�
rect�t ransfer sy stem, w her e the air fr om the pr e�
sw irl nozzles ( w hich are usually located at the

same radius as, o r at a sm aller radius than, the

receiv er holes ) , and the cover�plate system,

w here the air f low s r adially outw ard in a cover�
plate at tached to the turbine disc. As show n be�
low , the cover�plate system has a higher ef fec�
tiveness but the ex t ra w eight and st ress associat�
ed w ith the cover�plate can be a disadvantag e.

The designer is interested in calculating the

pressure drop and coo ling ef fect iveness of the

pre�sw irl system, and there is also a need to un�
derstand the heat t ransfer betw een the cooling

air and the tur bine disc.

Meier ho fer and Fr anklin[ 33] , w ho w er e the

first to m easure the effect o f pre�sw irl on the

tem perature drop in a direct�t ransfer system,

show ed that sw irling the air could signif icantly

reduce the total tem perature in the receiver ho les
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Fig. 9  Schemat ic diag ram o f direct�tr ansfer

and cover�plate systems

of a turbine disc. El�Oun and Ow en [ 34] developed

a theor et ical model fo r the so�called adiabat ic ef�
fect iveness, ∗ b, ad , based on the Reynolds analo�
gy. T he m odel, w hich w as in good ag reem ent

w ith the tem peratures measured on their rota�
t ing�disc rig , show ed that T t, b , the total tem pera�
ture in the r eceiver holes, decreased m onotonical�
ly as !p , the pre�sw ir l r at io, increased even w hen

!p w as significant ly greater than unity.

Geis et al. [ 35] made measurements o f the ad�
iabat ic effect iveness, w hich show ed that the

measured values of T t, b w ere signif icant ly higher

than the values predicted f rom their ideal model.

( It should be pointed out that their pre�sw irl ra�
t io w as based on isent ropic v alues r ather than on

measurem ents. ) Chew et al.
[ 36]

made num er ical

simulat ions of both the �Karlsruhe r ig� , used by

Geis et al. , and a �Sussex pre�sw ir l rig � . The

com putat ions were in good ag reement w ith the

results o f both r ig s, and the low adiabatic ef fec�

tiveness of the Karlsruhe rig w as at t ributed to

the geom etry o f the pre�sw ir l chamber; in part i�
cular, the Karlsruhe rig had a m uch larger stato r

ar ea, w hich reduced the ef fect iv e sw irl rat io and

consequent ly r educed the effect iveness. Chew et

al. [ 36] and Farzaneh�Gor d et al. [ 37] independently

derived theoretical models for the adiabat ic ef fec�
tiveness of a direct�t ransfer sy stem.

Dit tm ann et al. [ 38] m easured the discharge

coef ficients for the pre�sw ir l nozzles and receiver

ho les in a direct�t ransfer system, and Yan et

al. [ 39] also measured the dischar ge coef ficients

fo r the receiv er holes. H eat t ransfer in a direct

t ransfer r ig w as studied experimentally and com�
putat ionally by Wilson et al.

[ 40]
using fluxmeters

to determine the local Nusselt numbers, and

their ax isymm etric CFD results g ave reasonable

predict ions of the velocity and temperature in the

cor e but under�predicted the m easured Nusselt

numbers.

Num er ous experimenters have used thermo�
chromic liquid cry stal ( TLC) to determine heat

t ransfer coeff icients on purpo se�built test sec�
tions. A common technique is to solve Fourier 's

t ransient conduction equation to calculate h fo r a

semi�inf inite solid expo sed to a step�change in air

tem perature. As it is virtually im possible to a�
chieve a step�change in the air temperature of

pre�sw irl rig s, N ew ton et al.
[ 41]

developed the

so�cal led �slow transient� technique, and Lock et

al. [ 42, 43] used this technique to measure the local

Nusselt num bers, on the ro tat ing disc of a direct�
t ransfer rig. Lew is et al.

[ 44]
used CFD and sim ple

analyt ical techniques to explain the f low phy sics

of dir ect�t ransfer systems, and their com puted

results for CD , the discharge coef ficient for the

rotating receiver holes, and fo r ∗ b, ad , the adiabat�
ic ef fect iveness, are discussed below .

There has been less published on cover�plate

systems, and the interested reader is referred to

Refs. [ 45�50 ] . It should be noted that the flow

structure betw een the cover�plate and the rotating

disc is similar to that in a rotating cavity with a ra�
dial outflow of air ( see Fig. 2( c) ) , but�owing to the

large f low rates involved�the source region tends to
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fill the cavity. Free vortex flow occurs outside the

boundary layers on the rotating surfaces, and a theo�
ret ical description of these flows is given by Karabay

et al.
[ 45]

.

As there is some confusion in the literature

about CD and ∗ b, ad , it may be helpful to discuss

bo th these parameters. T he adiabatic effect ive�
ness, ∗

b, ad
, is def ined as:

∗ b, ad =
cp ( T o, p - T t, b)

0. 5%
2
r

2
b

( 7)

w here T o, p is the total tem perature ( in the sta�
t ionary fram e of reference) o f the air leaving the

pre�sw irl nozzles and T t, b is the total tem pera�
ture ( in the ro tat ing frame) o f the air in the re�
ceiv er holes; for a given value of T o, p , T t, b , de�
creases linearly as ∗ b, ad incr eases. The effect ive�
ness depends st rongly on the inlet pre�sw ir l rat i�
o, !p , and Kar abay et al. [ 49] deriv ed a theoret ical

value for ∗ b, ad using the First Law of T herm ody�
namics in w hich the w ork done on, o r by, the air

is proport ional to the moment required to change

the tangential velocity of the air from !p %r p , at

the pre�sw irl nozzles, to %rb in the r eceiver holes.

Their equat ion, w hich w as derived fo r a cov�
er�plate system in w hich there is no stator to re�
duce the sw irl, is g iv en by

∗ b, ad = 2!p
r p

r b

2

- 1 ( 8)

It should be noted that ∗ b, ad ∗!p : ∗ b, ad incr eases,

and consequent ly T t, b decreases, linearly w ith !p

even w hen !p > 1. Kar abay et al. also used CFD

to compute ∗ b, ad in a cover�plate system for 0 ( !p

( 3, and their computat ions w er e in good agree�
m ent w ith this equation.

Farzaneh�Gord et al. [ 37] modified equat ion

( 8) for a direct�t ransfer system to account fo r

the m oment on the stator, M s. Their model g ives

∗ b, ad = 2!p
rp

rb

2

- 1-
M s

1/ 2m
!

p %r 2
b

( 9)

w here the effect of M s( a posit ive quant ity ) is to

reduce ∗ b, ad .

Fig. 10 show s a comparison betw een the

com puted values of ∗ b, ad for a direct�t ransfer sys�
tem and the theor et ical values fo r rp / rb = 0� 8.

The computat ions are in excel lent ag reem ent

w ith the theoret ical values of ∗ b, ad based on equa�
tion ( 9) ; the values o f M S in this equat ion w ere

obtained by comput ing the tangent ial shear

st ress over all of the stat ionary surfaces. The

theoret ical values of ∗ b, ad calculated using equa�
tion ( 8) for a cover�plate sy stem ar e signif icantly

higher than those for the dir ect�t ransfer system.

Fig. 10  Variation of ∗ b, ad w ith !p for pr e�sw ir l

systems w ith r p/ r b= 0� 8, 0� 8 ) 106< Re∃< 1� 2 ) 106 ,

0� 12< +T < 0� 38. Dott ed line: Eq. ( 8) ;

so lid line: Eq. ( 9) ; symbols: computations[ 44] .

It should be pointed out that both the com�
puted and theo ret ical values of ∗ b, ad for the di�
rect�t ransfer sy stem depend, explicit ly o r im plic�
it ly, on the com puted value of M s . It is , there�
for e, uncertain that the theory w ill ag ree with

experim ental est imates of ∗ b, ad , the measurem ent

of which is nontrivial: the actual ( not the isen�
tropic) value o f !p must be know n; the bulk�aver�
age relative velocity and total temperatur e inside

the r eceiver holes must be m easured accurately;

and the rotating disc should be m ade from a

thermal insulator to reduce the heat t ransfer to

the cooling air. These thr ee conditions ar e sel�
dom, if ever, achieved in rotating�disc rig s.

The discharge coeff icient for the receiver

ho les, CD , is def ined as:

CD =
m
!

b

m
!

i

( 10)

w here m
!

i is the isentr opic mass f low rate and m
!

b

is the mass flow r ate of the blade�cooling air

supplied thr ough the receiver holes. T he isen�
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t ropic f low rate can be calculated from the Fir st

Law of T herm odynam ics for an adiabat ic st ream

tube, taking into account the r ate of w ork done

by or on the air f rom stations 1 to 2 in the

st ream tube. T he equat ion derived by Yan et

al. [ 39] is :

m
!

i

A 2
= �0, 1

p 2

p0, 1

1
∋ 2∋

∋- 1
p0, 1

�0, 1
1-

p 2

p 0,1

∋- 1
∋

+

 
 

2 %( r2 V ∃, 2 - r1V ∃, 1) - V
2
∃, 2

1/ 2

( 11)

The f ir st ter m inside the cur ly brackets is the

standard r esult for com pressible f low in a sta�
t ionary nozzle; the second term represents the

w ork r esult ing from the change of angular mo�
m entum of the air; the last term is due to the fact

that the air in the receiver ho les has an abso lute

tangential, as w ell as an ax ial, component o f ve�
locity. It should be no ted that r esearch w o rkers

w ho fail to def ine CD correct ly som et imes m eas�
ure discharg e coef ficients that ex ceed unity,

w hich is nonsensical.

Lew is et al. based p 0, 1 and V ∃, 1 in Eq. ( 11)

on their pitot�tube measurem ents at r = r b and z /

s= 0� 5, and they assumed that p 2 w as the atmos�
pher ic pressure at out let f rom the receiver ho les

and that V ∃, 2 = %rb . F ig. 11 show s a compar ison

betw een the com puted and measured var iat ion of

F ig. 11  Variation of dischar ge coefficient fo r

the receiv er holes, CD, with sw ir l r atio, !1 ,

fo r a direct�tr ansfer sy stem with rp / rb = 0� 8,

0� 8< Re∃/ 106 < 1� 2, 0� 12< +T < 0� 38.

Open symbols ar e experimental values;

solid symbols ar e computed values [44] .

CD w ith !1 , and bo th the computat ions and the

measurem ents show that CD reaches a max im um

value at !1 = 1. T his show s that the minim um

loss w ill occur w hen the core of f luid at the r adi�
us of the receiver ho les is in synchronous rota�
tion w ith the ho les; fo r values of cor e r otat ion

greater or less than this, the value of CD w ill be

low er than the max im um value. H ow ever, to a�
chieve a value of !1 = 1 it is necessary that bp

must be much gr eater than unity; in the com pu�
tat ions, !1 = 1 w hen !p = 1� 8. In an eng ine, the

maxim um value of CD w ill depend on the design

of the pre�sw irl system.

Lew is et al.
[ 44]

compared their com puted

Nusselt numbers w ith the m easurements of Lock

et al. [ 42] on the ro tat ing disc of their pre�sw irl

rig. T he computed and measured values of N u

show ed that for the smaller f low rates ( that is,

fo r the sm aller values o f +T and !p ) there is a vis�
cous reg ime in w hich the heat transfer is con�
tro lled by the boundar y�lay er f low on the rota�
ting disc, except near the receiver holes w here

large values of N u occur. For the larger f low

rates, in the so�called inert ial reg im e, the pr e�
sw irl f low impinges on the disc creat ing large

values of N u at this radial lo cat ion.

  Fig. 12 show s a com parison betw een the

measured and computed contours o f N u for the

rotating disc; F ig. 12( a) cor responds to the vis�
cous r eg im e, and 12( b) and ( c) to the inert ial re�
g ime. ( It should be noted that a steady 3D CFD

code, in w hich the discrete pre�sw irl no zzles w ere

model led as a circular slot , w as used for the com�
putat ions, and the measurements w ere made u�
sing T LC. ) In Figs. 12( b) and ( c) , there is g ood

cor respondence betw een the com puted and m eas�
ured contours near the receiv er ho les, and in all

three cases the N u contour s show quasi�ax isym�
m etry at the smaller radii. T he small region of

high heat t ransfer, measured around the �9 to 11

o� clock� posit ion near the holes, is captured by

the com putat ions. T his region, w hich could re�
sult in high therm al st resses in the turbine disc,

w as at t ributed to the two routes by w hich the

flow can enter the r eceiver holes: a �direct route�
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Fig. 12  Experimental [42] ( left) and computat ional[ 44] ( rig ht) contour s o f N u fo r direct�tr ansfer sy stem wit h

r p/ r b = 0� 8 and Re∃= 1. 2 ) 106. ( a) !p= 0� 5,+T = 0� 13; ( b) !p = 1� 0,+T = 0� 24; ( c) !p = 1� 5,+T = 0� 37

from the presw irl nozzles to the holes, and an

�indirect route� f rom the rotat ing co re.

3  Buoyancy�induced flow

Figure 13 show s a sim plif ied diag ram of a

high�pr essure compresso r ro to r through the cen�
t re of w hich is an ax ial flow of air that is used,

dow nst ream, for turbine cooling. When the coo l�
ing air has a low er temperature than the ro tat ing

surfaces ( as is the case fo r steady�state eng ine

operat ion) , buoyancy�induced f low can occur in

the cavity betw een the discs.

The main features of the flow in this so�
called open sy stem can be m odelled by the sim�
plif ied rotat ing cav it ies show n in Fig . 2( f ) . Most

of the experimental w o rk to date has been con�
ducted w ith either a central inlet or w ith an an�
nular inlet fo r the cooling air.

Bohn et al.
[ 51�54]

m ade heat t ransfer m eas�
urements in a sealed r otat ing annulus ( w ith a/ b

= 0� 35 and 0� 52) w here the heat flow could be

either axial ( fr om a hot to a cold disc) o r radial

( f rom a hot outer cy linder to a cold inner one) .

For the radial case, they corr elated their Nusselt
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Fig. 13  Simplified diag ram of high�pressure

compresso r r oto r w ith ax ial thr oughflow

of coo ling air

number, fo r Rayleigh num bers up to 1012 , by N u

∗Ra
c, w here the constant c w as approx imately

0� 2. Sun et al.
[ 55]

used an unsteady 3D CFD

code, w ith no Reyno lds averaging o r turbulence

model, and their com puted Nusselt num bers

w ere in good ag reement w ith the corr elat ions of

Bohn et al. King et al. [ 56] used unsteady 2D and

3D CFD codes, w ith no Reynolds averaging , to

com pute the heat tr ansfer in a sealed annulus

( w ith a/ b= 0� 5) w ith a radial heat flow for Ra (

109 . T heir com puted 2D streamlines ( see Fig.

14) show ed that Rayleigh�B�nard convect ion oc�
cur red, w ith cyclonic and anti�cyclonic v ort ices in

the r �− plane; the vort ices could vacil late and

their number could change w ith t ime. Their

tim e�aver age Nusselt numbers w er e in good a�
g reem ent w ith cor relat ions for a stat ionary cavity

but w ere signif icantly higher than the correla�
t ions of Bohn et al. ; the reason for this overest i�
m ate o f N u w as not understo od.

The Sussex gr oup
[ 57�63]

made m easurements

and computations fo r an open cavity ( w ith a/ b &

0� 1) w ith an ax ial throughf low of co oling air.

There w as no centr al shaft or cylinder, and the

outer cylindrical sur face and/ or the discs could

be heated. In part icular , Farthing et al. [ 57] carried

out f low v isualizat ion and LDA ( laser�Doppler

anemom etry ) studies in both isother mal and

heated cav it ies. In isothermal cav ities[ 63] w ith

large gap rat ios ( G> 0� 4) , the axial throughf low

generated a pow erful toroidal v ortex , the

st reng th of w hich decreased as the Rossby num�
ber Ro decreased. Depending on the values of G

and Ro, ax isym metr ic and non�ax isym metric vo r�
tex breakdow n w ere observed in the central jet.

Fig. 14  Computed Rayleigh�B�nard vort ices

in a closed ro tating cav ity[ 56] .

Farthing et al. found that , w hen one or both

of the discs w ere heated, the f low in the cavity

becam e non�axisymm etric: cyclonic and ant i�cy�
clonic v ort ices w ere observed, as show n schemat�
ically in Fig. 15. T hey show ed that, ow ing to the

so�called T ay lor�Proudman ef fect , these flow s

tend to be st rat if ied: they are tw o�dim ensional

( in the r �∃ plane) and radial f low can only occur

in the rotat ing co re, outside the Ekman layers on

the discs, if ! p/!∃ 0 0. The cyclonic ( low pr es�
sure) and anti�cyclonic ( high pressure ) circula�
tion show n in Fig. 15 generates a circum ferent ial

pressure gradient, w hich is needed to produce the

radial f low inside the co re, and the � radial arm�

convects co ld air from the centr e to the per iphery

F ig . 15 Schemat ic of flow st ructur e in the co re

of a heated rot ating cavity w ith an axial

throughflow o f co oling air[ 57] .

of the cav ity . In their experiments, the core of

fluid precessed at an angular speed ( % c say )

slight ly less than that of the discs; the r at io of

% c/ % decreased as the temper ature dif ference be�
tw een the discs and the cooling air increased.
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Ow en and Pow ell[ 64] made measurem ents in

an open cavity, w here a/ b= 0� 4 and G = 0� 2, in

w hich one o f the discs w as heated. LDA and heat

tr ansfer measur em ents w ere m ade fo r

1� 4 ) 103< Rez < 5 ) 104 and 4 ) 105 < Re∃ < 3� 2

) 106 . Spect ral analysis of the LDA measure�
m ents revealed a mult i�cell str ucture compr ising

one, two or thr ee pairs of vo rt ices. At the smaller

values of R ez , the m easured Nusselt num bers

w ere consistent w ith buoyancy�induced flow; at

the larger values of R ez , the ef fect of the ax ial

throughf low becam e dom inant.

T ian et al. [ 65] computed the flow and heat

tr ansfer in a r otat ing cavity based on the geome�
t ry o f Farthing et al. Their 3D, steady, turbulent

com putat ions show ed that the f low st ructure

com prised tw o parts: Rayleigh�B�nard convect ion

at the larger radii, and forced convect ion in the

central region. The com putat ions suggested that

there is a crit ical Rayleigh num ber above w hich

the f low becomes unstable aet alnd t ime�depend�
ent.

Johnson et al.
[ 66]

invest igated the stability

character ist ics o f v ar iable�density sw ir ling f low

in rotating cavit ies. Using a narrow�gap approx i�
m ation for inviscid f low , they produced criteria

fo r the necessary and suf ficient condit ions fo r

stability. When the rotating surfaces are colder

than the ∃ cooling air%( such as at take�of f in an

aero engine) the f low is stably st rat ified: the ax ial

throughf low cannot penetr ate very far into the

cavity and the resulting convect ive heat transfer

is relat ively low . Conver sely, when the ro tat ing

surfaces are hot ter than the air ( at cruise and

landing) , the flow is unstable, the ax ial f low can

readily enter the cavity, and the heat t ransfer is

increased as a consequence.

Three recent computational studies have

thrown mo re light on the f low in open cavit ies.

Sun et al.
[ 6 7]

used lar ge eddy sim ulat ion ( LES)

to compute the flow and heat t ransfer in a cavity

w ith a central axial throughf low , and they com�
pared their results w ith available experim ental

data and w ith an unsteady Reyno lds�average

Nav ier�Stokes ( RANS) model. T he LES model,

although computat ionally demanding, produced

bet ter agreement than the RANS m odel w ith the

measured values of velocity and heat t ransfer.

For both models, com putations for a 120/ seg�
m ent o f the cavity captured the large�scale f low

st ructure and gave sim ilar results to computa�
tions for the ful l 360/.

Bohn et al. [ 68] used an unsteady 3D in�house

CFD code to compute the f low structure that

w as measured in an exper im ental open ro tat ing

cavity. F low visualisation in the experimental r ig

revealed that the flow st ructure changed periodi�
cally w ith t ime w ith the regular appearance of

one, tw o or three pairs o f v ort ices, and � as found

in the experim ents discussed above � the w hole

flow st ructure r otated w ith a co re rotat ional

speed, %c, less than that of the cavity, %. The

com puted flow st ructure also show ed the same

periodic patterns, and the quantitat iv e ag reem ent

w ith the measured per iods w as excellent. ( It

should be noted that the authors included a g rav�
itat ional vector in the buoyancy term of their nu�
m er ical m odel; w ithout this term their computa�
tions failed to produce the per iodic f low str uc�
ture. In this author 's opinion, the gravitat ional

term only t rigg ered the unstable flow , and any

other non�ax isym metric term could have the

same effect . As the magnitude o f the centripetal

accelerat ion of the cavity is of the o rder of 104

t im es that of the gr av itat ional accelerat ion, g , it

seems improbable that the g�term could have a

significant ef fect on the flow after the instability

has been trigg ered. )

Ow en et al.
[ 69]

compar ed their computat ions

w ith the experim ental r esults of Ow en and

Pow ell. A com mercial 3D unsteady CFD code

( F luent ) w ith a k�. turbulence m odel ( sim ilar to

that used in the RAN S model of Sun et al. ) w as

used for the computat ions. T he computat ions

w ere com pared w ith three experimental cases:

fo r Exp� 2, Re∃ = 0� 43 ) 10
6
, Rez = 0� 303 ) 10

4
,

and Ro = 0� 674; for Exp� 5, R e∃ = 1� 57 ) 10
6
,

Rez = 0� 164 ) 10
4
, and R o= 0� 100; for Exp� 6,

Re∃ = 1� 63 ) 10
6
, R ez = 0� 295 ) 10

4
, and Ro=

0� 173. F ig. 16 show s the computed temperature
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contours at z / s = 0� 5 fo r Exp� 2 and 5. Fo r

Exp� 2, the ax ial throughf low o f cooling air cre�
ates a circular ring of cold f luid at the centre of

the cavity. � Radial arms � , similar to the one

show n in Fig . 15, t ransport som e o f the f luid

from the centre to the per ipher y of the cav ity,

creat ing a thin layer of cold air adjacent to the

unheated shroud. For Exp� 2, tw o distinct �radial

ar ms� are clearly v isible, and this is in ag reem ent

w ith the tw o�cell st ructure that w as observ ed

experimental ly. T o the right of each radial arm,

the circulat ion is cyclonic, w hich co rresponds to

a low�pressure region; in this region, hot air

flows ax ial ly f rom the heated disc into the co re.

To the left o f each radial ar m, the circulat ion is

ant i�cyclonic, w hich co rresponds to a high�pres�
sur e region w here the core air flow s ax ially to�
w ards the disc. T he contours fo r Exp� 5 in Fig.

16 ar e more com plex : several lar ge and small ra�
dial arm s can be seen, and to the right o f each

one is a high�tem perature reg ion. For this case,

the exper im ental observat ions w ere unable to de�
termine the number o f cells.

Fig. 16  Computed temperatur e cont ours at z / s= 0� 5

fo r open rotat ing cavity[ 69] Exp. 2 on left;

Exp. 5 on r ight . ( Rotation of cavit y is clo ckw ise. )

The com puted values of tangent ial velocity

in the cor e ag reed reasonably w ell w ith the

measurem ents for Exp� 2 and 6 but no t fo r

Exp� 5, w her eas the computed Nusselt num bers

fo r the heated disc ag reed reasonably w ell fo r

Exp� 2 and 5 but not for Exp� 6. T he r eason fo r

this poor ag reem ent w as no t know n, and the au�
thors concluded that more w ork is required be�
fore the engine designer can depend solely on

CFD codes to pr edict buoyancy�induced flow in

rotating cavit ies.

4  Concluding comments

The above examples show how the study of

simple rotat ing�disc systems can give useful in�
sight into the more com plex pr oblem s that occur

in the internal cooling�air sy stems of g as turbine

engines. By the use o f analyt ical techniques, sim�
ple theoret ical models, CFD and experiments,

these com plex flow st ructures can be under stood

bo th qualitatively and quant itatively. Although

the three cases chosen ar e different in many re�
spects, they share some com mon characterist ics,

part icularly in the case o f the tw o r otor�stato r

sy stem s. In part icular, the rotat ing cores, outside

the boundary layers on the solid surfaces, show

ev idence of Taylo r�Proudm an f low w here the ax�
ial variat ions of velocity are small and 2D strat i�
fied flow tends to occur in the r�∃ plane.

When, ow ing to buoyancy effects or to in�
g ress, radial f low occurs in the core, the result ing

flow st ructure alw ays becomes three�dim ensional

and unsteady. It is, therefore, dangerous to as�
sume that apparent ly ax isymmetric steady

boundary conditions necessarily produce ax isym�
m etric steady f low s: using steady ax isym metr ic

CFD can create a self�fulf illing pr ophecy in

w hich the computed flow is steady and ax isym�
m etric but the real flow is not . A lthough there

have been many advances in the use of CFD, it

w il l be many years befor e the engine designer

can rely on com putat ions unless they have been

validated on reliable exper im ental data.
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