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Abstract

Experimental measurements of heat transfer are made from the inner peripheral surface of a rotating test rig designed to be similar to
a gas turbine high pressure compressor internal air system. The test rig comprises a number of annular discs sealed at their periphery by a
shroud. An axial throughflow of cooling air enters the test rig and flows through the annular section between the disc bores and a central
shaft. Tests were carried out for the following range of rotational speeds and axial throughflow rates: 540 < Ny < 10,800 rev/min and
0.124 < m < 0.85kg/s (corresponding to the range of rotational and axial Reynolds numbers 4 x 10° < Rey <77.7 % 10 and 3.3 x
10* < Re. < 2.2 x 10°).

The shroud Nusselt numbers are found to depend on the shroud Grashof number. They are relatively insensitive to changes in axial
Reynolds number and two geometrically similar cavities give similar values of Nusselt number. The heat transfer from the shroud is gov-
erned by the mechanism of free convection. It is recommended that a modified form of a correlation for Rayleigh-Bénard convection in a

gravitational force field be used, with appropriate modification, to predict shroud heat transfer.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Contemporary gas turbine aircraft engines operate at
the limits of technology. Gas temperatures of around
1800 K at entry to the turbine on a typical civil engine
impose severe restrictions on component life. Rotational
speeds of typically 10,000 rev/min on a 0.6 m diameter cre-
ate significant inertial stresses. These combine with thermal
stresses to create deflections in components that can cause
a loss in efficiency, or worse, compromise safety.

Modern engines would not be able to operate without
an internal air system. This provides ventilation (mostly
cooling, but sometimes components are heated) and purg-
ing air to the discs, blades, bearing chambers and various
cavities and an air supply to the seals. The source of this
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air is the compressor and on its route, the air may be
heated by both convection and viscous dissipation. The
use of internal system air is also parasitic to the main cycle,
since it is bled from the compressor, where work has been
done to raise its pressure. Its use may cost up to 5% of the
specific fuel consumption in a modern turbofan engine
(Rolls-Royce, 2005). There is therefore, a need in engine
design to have knowledge of heat transfer rates and leakage
flows in order to minimise the use of internal system air.

This paper is the second of two on experimental mea-
surements of heat transfer and flow behaviour in high pres-
sure compressor internal air systems. The objective of the
work reported here was to measure the heat transfer from
the inner peripheral surface, or shroud, of a test rig repre-
sentative of a high pressure compressor internal air system.
A background to this work is provided in Section 2, the
experimental apparatus and methods of data analysis are
described in Sections 3 and 4 and the results are presented
in Section 5.
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Nomenclature

a, b inner and outer radii, respectively
Bi=h L/k Biot number

Bo = RejfAT/Re; Buoyancy number
Cp specific heat at constant pressure
dy hydraulic diameter

D rotor outer diameter

G = s/b gap ratio

Gr = Q*bBATL? /v* Grashof number

k thermal conductivity
L appropriate length scale
m mass flow rate of the throughflow

Ngr, Ns rotor speed and shaft speed
Nu = gL/ATk Nusselt number

p pressure

Pr = uCp/k Prandtl number
q heat flux

r radial coordinate

Ts shaft radius

Re, = Wdy,, axial Reynolds number
Rey=Q b%/v rotational Reynolds number
Ro = W /Qa Rossby number

s axial width of cavity

T temperature

U, uncertainty in the quantity 4

w bulk mean axial velocity of the throughflow
B = 1/T volume expansion coefficient

AT temperature difference

u dynamic viscosity

v kinematic viscosity

o density

0= % cavity temperature ratio

Q rotational speed of the cavity

Subscripts and Superscripts

cav pertaining to conditions inside the cavity

H pertaining to the vertical distance between the
hot and cold surfaces

1,0 pertaining to the inner and outer shroud sur-
faces

in value at inlet

ref appropriate reference value

S denotes a value at the surface

sh pertaining to the peripheral shroud

* based on Tg,,

2. Background

A review of previous work and definitions of dimension-
less groups relating to the flow in rotating cavities with
axial throughflow is given by Long et al. (in press). For
completeness, the definitions of the dimensionless groups
relevant to this current paper are repeated below. An idea-
lised single rotating cavity with an axial throughflow of air
comprises two discs of outer radius, b, and inner radius, a,
separated by an axial gap, s. The throughflow enters the
cavity through the hole r < a in the upstream disc and
leaves it through an identical hole in the downstream disc.
The cavity is sealed at the periphery by a shroud. The rota-
tional speed of the cavity is Q2 and the bulk average velocity
of the axial throughflow is W. For a fluid of kinematic vis-
cosity, v, the rotational and axial Reynolds numbers, Re,
and Re., respectively, are defined as:

Rey, = Qb*)v (1)
Rez = Wdh/v (2)

where d, is the hydraulic diameter of the inlet for a cavity
with an inner shaft of radius, ry,dy, = 2(a —ry), for one
without an inner shaft, (dy = 2a). The Rossby number,
Ro is defined as the ratio of the bulk mean axial velocity
of the throughflow to the tangential velocity of the disc
at the bore radius:

Re,b?

Ro—— -2
? 2Reya*(1 — ry/a)

(3)

Farthing et al. (1992) measured heat transfer rates from
the discs of a heated rotating cavity with an axial through-
flow of  air, for 2x10°< Rey < 5% 10°  and
2% 10* < Re. < 16 x 10*. The cavity had a gap ratio of
G =0.138, a/b ~ 0.1, the discs were heated with either a
surface temperature distribution that increased with radius
or decreased with radius. The heat transfer results from the
discs for a symmetrically heated cavity with a surface tem-
perature that increased with radius suggest that the flow
and heat transfer in the (narrow G = 0.138) cavity occurs
as a result of rotationally induced laminar free convection.
This finding is confirmed in the work by Long and Tucker
(1994), who made heat transfer measurements (for
2x10° < Rey <2x 10° and 2 x 10° < Re. < 16 x 10%) from
the peripheral shroud of a cavity with a similar gap ratio.
They found that the measured shroud Nusselt numbers
were in close agreement with values predicted using an
established correlation for natural convection from a hori-
zontal surface (providing the gravitational acceleration in
the usual definition of the Grashof number is replaced by
the centripetal acceleration, Q%, and the cavity air temper-
ature, T.,,, not Tj,, is used as the reference temperature).
This is also confirmed by Long et al. (2003), who carried
out measurements at higher values of Re, and Re. in an
engine representative test rig. The heat transfer from a sin-
gle cavity with a wider gap ratio (G =0.36, a/b ~ 0.1) was
investigated by Long (1994). Two mechanisms were identi-
fied as being responsible for the heat transfer: rotationally
induced buoyancy and the influence of the central through-
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flow. Burkhardt et al. (1992) report on one of the few stud-
ies carried out on an engine representative geometry. A
number of numerical studies have also been carried out
and these are reviewed in Long et al. (in press). Alexiou
et al. (2000) reported on the heat transfer from the disc
and cone surfaces (for 10°< Re,<10" and 3x 10%<
Re.<2x10% in the same experimental rig as used for
the work discussed in this paper. Two regimes of heat
transfer were identified: for Ro/(BAT)"? < 6 the heat
transfer is governed by a regime of rotationally-induced
free convection and for Ro/(BAT)"* > 6 a regime domi-
nated by the throughflow.

A number of more recent numerical studies (King et al.,
2005 and Tian et al. (2004)) have identified the existence of
pairs of cyclonic and anti-cyclonic vorticies in the flow
structure. Both of these authors have noted the similarities
between these and those in Rayleigh—-Bénard convection
that is normally associated with stationary enclosures.

3. Experimental apparatus

The heat transfer tests discussed in this paper were car-
ried out in three different geometric configurations of a
heated multiple rotating cavity test rig with axial through-
flow. A full and detailed description of the rig, the instru-
mentation and ancillary equipment is available in the
thesis by Alexiou (2000), and the reader is referred to this
for further information. Alternatively, Long et al. (in press)
provides a summary of the relevant details.

The test rig was operated in three different configura-
tions which will be referred to in this paper as: (i) the disc
and cone; (ii) the narrow annular gap and (iii) the wide
annular gap. Fig. 1 shows a schematic diagram of the wide
annular gap test rig. The rig itself is designed to be geomet-
rically similar (approximately 70% of full size) to contem-
porary gas turbine aero-engines and aims to simulate
internal air system flows within a high pressure compres-
sor. The rotor is heated by a separate supply of hot air.
Cooling air flows axially in the annular space between the
bores and the central shaft.

For the disc and cone, the titanium 318 rotor is made up
from three discs and, downstream of these, a 6 mm thick
cone section, bolted together at the periphery, and having

Tsh,o thermocouples 23 & 24

pressure casing Tsn,i thermocouples 2 & 12

A \

-{ ¥/
A/é
5 I I < Cavity 4
Disc1 Disc2 Disc3 * Y

| | « i i Cavity 3

A Cavity 2

Disc 4
e axial throughflow ———

Fig. 1. The multiple cavity rig.

an outer diameter of, D. In this way the completed rotor
assembly forms two cylindrical cavities and one conical
cavity. Each cylindrical cavity has an outer radius of b
and the axial gap ratio is s/b =0.195 (dimensions have
been non-dimensionalised at the request of the industrial
sponsors of this project). For Disc 2, the inner radius ratio
is a/b = 0.319 and for Disc 3, a/b = 0.303. The conical cav-
ity has the same outer radius as the discs and the gap ratio
varies from s/b = 0.560 at the inner radius to s/b = 0.135
at the outer radius. As in a high pressure compressor, a
steel ‘drive’ shaft, of (r;/b = 0.272) runs through the centre
of the rig. This rotating shaft has twelve 15 mm diameter
radial holes, equally spaced around the circumference at
two axial locations towards the centre of the cone-disc cav-
ity. This allows some of the cooling air to pass through
them, the actual amount that passes through these holes
is regulated (from approximately 2% of the supplied flow
to 80%) by control valves on the exhaust section of the
rig. The rotor and the shaft are independently driven by
two separate AC motors — the rotor in one direction up
to 10,000 rev/min, the shaft to 7000 rev/min in either
direction.

For the narrow and wide annular gap, the cone is
replaced with two titanium 318 discs (labelled in Fig. 1 as
‘Disc 3’ and ‘Disc 4°) to create four cylindrical cavities with
an inner radius ratio of /b = 0.319, and with a disc spacing
s/b = 0.195. The rotating shaft is replaced by a non-rotat-
ing shaft without radial holes but with glass windows to
allow optical access to the last three cavities. The difference
between these two is the size of the annular gap between
the disc bore and the shaft. For the narrow annular gap,
this is dy/b=0.092 and in the wide annular gap,
dn/b =0.164.

Air is supplied to the rig by a single stage 275 kW How-
den screw compressor which can deliver up to 1.1 kg/s of
air at 4 bar (absolute) and 200 °C. Before entry to the rig,
the air is cooled to 30-55 °C. The air flow rate is measured
by orifice plates (designed to BS 1042) at the inlet and exit
to the rig. The outer surface of the rotor assembly is heated
by impingement of hot air obtained from two 10 kW
heaters.

The surface temperatures of the rotor assembly and rel-
evant air temperatures are measured using 0.25 mm wire
diameter K-type (NiCr-NiAl) thermocouples. The loca-
tions of these are also indicated in Fig. 1. Of particular
interest are the thermocouples on the outer surface of the
rotor (denoted by metal thermocouples Nos. 23 and 24)
and the inner surface of the shroud (denoted by Nos. 2
and 12). The air inlet temperature is measured by air ther-
mocouple Nos. 32 and 33. Thermal disturbance errors are
reduced by the methods used to install the surface temper-
ature thermocouples. In particular, the thermocouple bead
is laid in a slot and located by deforming the edge of the
slot with a small punch and using only a small quantity
of ceramic cement and not epoxy resin (see Alexiou,
2000). A thermal disturbance becomes significant when
the ratio of the thermal conductivity of substrate material
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(in this case titanium 318) to that of the thermocouple and
adhesive is much greater than unity. Turner (1970) and
Long (1985) have both analysed thermal disturbance errors
using a numerical solution of the conduction equation. The
disturbance varies in magnitude with both the Biot number
(defined using the slot dimensions and substrate thermal
conductivity) and also the thermal conductivity ratio of
the substrate material to that of the materials occupying
the slot. For a Biot number of Bi=0.01 (which corre-
sponds to the upper range of the data presented here), a
thermal disturbance of approximately 3% of the surface
to fluid temperature difference would be expected from a
thermal conductivity ratio of 50. For a thermal conductiv-
ity ratio of 20, the disturbance is reduced to around 1%.
For a Type K thermocouple, the two constituent alloys,
nickel chromium and nickel aluminium have thermal con-
ductivities of k=19 and k =29 W/m K, respectively (see
for example Vettori et al., 2001). For titanium 318, k =
7.72W/m K, and for Sauereisen ceramic cement k =
1.5 W/m K. So, in the absence of any adhesive this ratio
has a value of approximately 0.33 and the thermal distur-
bance is expected to be less than 0.1% of the surface to
neighbouring fluid temperature difference. The presence
of a small amount of ceramic cement will have the effect
of making this ratio closer to unity and further reducing
the thermal disturbance.

All the rotor instrumentation is led out to a 48-way,
Wendon slip ring unit driven from the upstream side of
the rig. The signals from all the temperature instrumenta-
tion are recorded by a Solartron Orion data logger, with
a sensitivity of 1 uV corresponding to £0.025 °C for the
thermocouples used.

4. Experimental procedure and data analysis

The data from the heat transfer tests discussed in this
paper were acquired under thermal steady state conditions.
The variables investigated, their range, the corresponding
range of the relevant non-dimensional groups, together
with typical values from an engine, are given in Table 1.
The rotational Reynolds number is defined in Eq. (1) and
the kinematic viscosity, v, is evaluated at the air reference
temperature using the average of the two air inlet temper-
ature thermocouples. The axial Reynolds number, Re.,
and the Rossby number, Ro, are defined in Egs. (2) and
(3). In the buoyancy parameter, PBAT .y, and AT,y
are the volume expansion coefficient (f = 1/T},), and the
average shroud-surface to air-inlet temperature difference
(ATghay = Tshay — Tin). The shroud Grashof number is
defined as:

P2QPDPAT g oo (s/2)
12

Grsh = (4)

A thermal steady state would usually take between 30
and 45 min and was confirmed by monitoring a change in
surface temperatures of less than 0.2 °C in a period of

Table 1

Range of experimental conditions, values indicated in square brackets ‘] are typical of engine conditions

Uncertainty/[]*

0.164

Wide annular gap dy, /b

Narrow annular gap dy,/b = 0.092

Disc and cone

Parameter

Range

Range

Range

+1 rad/s
+3%

65 < <608

57< Q<615

158 < Q < 1055

Q (rad/s)

m (kg/s)
Pin (bar, abs.)

Rotor speed

0.16 <1 < 0.75
23 < py, <37

0.164 < 11 < 0.80
22 < py, <3.16

0.12 < < 0.85
1.5 < py, <37

Cooling air flow rate

Inlet pressure

+0.1%

+0.2 K

302 < T <339

309 < Tin <324

306 < Tin < 328

Tin (K)

Inlet temperature

+0.4 K

328 < Ty < 351

320 < Tsav < 352 (disc)
345 < Tsay < 420 (cone)

340 < Ty < 382

Tsav (K)

Disc average surface temperature

321 < Ty < 353

+0.4 K

353 < Tqn < 386

359 < T'yh < 407

Tsn (K)

Shroud average surface

temperature
Disc rotational Reynolds number

Axial Reynolds number

Rossby number

4.7x10° < Rey < 5% 10°

43x10* < Re

4x10° < Rey < 5% 10°

4.2 x10* < Re.

1.1 x 10° < Rey < 7.7 % 10°
3.3x10* < Re. < 2.2x10°

027 < Ro<6.7

Re, Eq. (1)

<2.0x10°

_<19x%x10°

0.29 < Ro < 8.6

Eq. (1)
Ro Eq. (3)
BAT

Re.

0.14 < Ro < 6.8

0.07 < fAT.y < 0.21 0.14 < AT,y < 0.302

Shroud buoyancy parameter
Shroud Grashof number

3.8 %107 < Grg, < 4.5% 10°

7% 10% < Grg, < 7x10°

Grg, Eq. (4)
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5 min. The measured temperatures and relevant pressures
were then recorded by a computer controlled data logger
and stored for future analysis. Each test comprised between
50 and 100 separate scans (each taking 1.3s) of all the
required measurements, with a delay of 2.5 s between each
scan.

4.1. Heat transfer analysis

Previous experience with heat flux gauges (Farthing
et al.) has demonstrated that it is not possible to rely on
the manufacturer’s calibration of these devices. Ideally they
require calibrating in situ against a well understood flow,
with abundant theoretical and experimental data for the
heat transfer rate. It is obvious from the geometry of this
particular test rig that this was not possible. This fact,
together with the relatively small thermal disturbance from
the method used to locate the thermocouples in the slots,
made the use of heat flux gauges unnecessary.

ONu 2 ONu 2 ONu 2 ONu
UNltsh = {(ale Ukn) + (a]_,sh$O UTsh_o) + (aiTSh‘i UTsh,i) —+ (Ts

2 2 2 2
ONu ONu ONu ONu
US) * <5 UD) * (E Ub) * <©T ref UTM) - (akair

The heat flux, ¢g,, through the shroud is obtained from
the one-dimensional conduction equation using measured
temperatures on the inner and outer surface of the shroud
Tsn; and Ty, o, respectively.

k(Tsh,o - Tsh,i)

pinD2n) O/ m’) )

9sh =

Due to the symmetry of the test rigs with the narrow and
wide annular gaps, this is judged to be a good approxima-
tion. For the shroud of the disc and cone rig, this symmetry
is broken and the assumption is less valid. However, the
consequences of the uncertainties associated with knowing
all the boundary conditions for the two-dimensional con-
duction solution is probably as significant as the uncer-
tainty of assuming one-dimensional conduction. At the
average temperature of the shroud, the thermal conductiv-
ity of titanium 318 is k = 7.72 W/m K (Touloukian et al.,
1970a,b) is the cavity outer radius and D is the outer diam-
eter of the rotor. The shroud Nusselt number, Nug,, is de-
fined as:

qshs/2

Nug, =
Sh (Tsh,i - Tref)kair

(6)

Following the use in free convection from a horizontal
plate, the characteristic length scale is the ratio of exposed
surface area to the perimeter, in this case half the axial gap
between the discs, s/2. Ty, ; is the surface temperature on
the inside of the shroud and 7. is an appropriate fluid ref-
erence temperature:

Qb — a?)

Tre :Tin
! T,

(7)

The heat flux determined from Eq. (5) constitutes the
total (convective and radiative) heat flux. A correction
has been applied to all the data to take account of the con-
tribution of radiative heat transfer. This uses the grey body
method (see Long, 1999), using view factors obtained from
the original sources quoted in Howell (1982). For an emis-
sivity of 0.9 (which corresponds to that of black paint), the
contribution of radiation is typically around 10% of the
total heat flux from the shroud.

4.2. Uncertainty in the experimental measurements of heat
transfer

The uncertainty in the shroud Nusselt numbers, Uy, ,
can be evaluated by partial differentiation of Egs. (5) and

(6), giving:

5y 172
Um;) }

(8)

where U, is used to denote the individual uncertainty in a
particular quantity /.

The 95% confidence interval for the uncertainties in the
measured values of shroud inner and outer surface temper-
atures Ty, Tsno 1S estimated to be +0.43 K and that for
the inlet air temperature, 7T;,, is £0.16 K. The justification
for these values is given in Table 2 and in the discussion
below. The consequences of this on the uncertainty in the
Nusselt numbers derived from the experimental measure-
ments of temperature will be discussed in later sections.

The Orion data logger used to measure the signals from
the thermocouples has a resolution of +1 pV, correspond-
ing to £0.025 °C. This data acquisition system also mea-
sures the signal from the cold junction reference sensor (a
solid state device with a different sensitivity to thermocou-
ples) with a resolution of 410 puV corresponding to
40.001 °C. The main source of uncertainty in the slipring
assembly will be random electrical noise. The measured
values of temperatures are obtained from a statistical aver-
age of 50-100 individual measurements, and each of these
individual measurements is made with an integration per-
iod of 20 ms. The calculated value of standard uncertainty
for each thermocouple may then be considered to represent
the uncertainty due to the rotating slipring assembly. In all
cases this was less than 0.2 °C, so this value is used in Table

The details of the calibration are available in the thesis
by Alexiou (2000). The stability of the water bath temper-
ature is considered to be relevant. Although the calibrated
thermocouple and the PRT probe are in the same position,
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Table 2
Uncertainty in thermocouple measurements
Source of uncertainty Value + (°C) Probability Standard
distribution uncertainty,
Uit (°C)
Thermocouple 0.0125 Rectangular  0.0072
resolution (half
interval)
Cold junction 0.0005 Rectangular  0.0003
resolution (half
interval)
Slipring uncertainty 0.2 Normal 0.2
Calibration water 0.04167 Normal 0.04167
bath stability
Calibration 0.015 Normal 0.015
thermometer
precision
Interpolation up to 0.05 Normal 0.05
100 °C
Repeatability 0.0415 Normal 0.0415
Combined standard Assumed 0.215 (rotating)
uncertainty normal 0.08 (non-
rotating)
95% confidence 0.430 (rotating)
interval 0.16 (non-
rotating)

The combined standard uncertainty is given by (ZUf)]/ 2, the 95% confi-
dence interval is taken as twice the standard uncertainty.

the readings are not taken at exactly the same time but cer-
tainly within 5s of each other. Based on personal experi-
ence, a temperature drift of approximately 1 °C/min can
occur, (0.0833°C in 5s) giving an uncertainty of
+0.04167 °C.

The overall uncertainty of the Platinum Resistance
Thermometer (PRT) probe and thermometer electronics,
is estimated to be +0.015 °C (Alexiou, 2000). The interpo-
lation uncertainty and repeatability are estimated from the
data given by Lancel (2002), who used similar thermocou-
ples over a similar range of temperatures. The repeatability
value is the same as quoted by Lancel, the value for the
interpolation uncertainty is estimated from Lancel’s data
for two different ranges (£0.64 °C over the range 38-
620 °C and =£0.14 °C over the range 38-280 °C). In the
present measurements, the calibration is over the range
20-100 °C, which would be consistent with an interpola-
tion uncertainty of +0.05 °C.

The values and the associated uncertainties for all the rel-
evant quantities in Eq. (8) are given in Table 3. These values
have been used together with Eq. (8) to calculate uncer-
tainty intervals for the shroud Nusselt number and these
will be discussed in the following section. It should be noted
that this excludes the uncertainty associated with any ther-
mal disturbance. In the previous section, the upper bound
to this was estimated at approximately 0.1% of the surface
to fluid temperature difference. The effect of this on the Nus-
selt number measurements is not a random variation as is
the case of the uncertainties in Table 3, but a bias. It is easy
to show that the bias leads to an underestimate of the actual
value of the shroud Nusselt number and has a magnitude of
less than 1% of the measured value of Nusselt number.

5. Results

The variation of shroud Nusselt number with Grashof
number for Cavity 2 in the narrow annular gap,
dy/b = 0.092, test rig is shown in Fig. 2. The shroud Gras-
hof number, Gry, is defined in Eq. (4) by taking a conven-
tional Grashof number and replacing the acceleration due
to gravity ‘g’ with the centripetal acceleration at the outer
radius, Q°b. For both Nug, and Gry, the characteristic
length scale is the cavity half-width, s/2, which follows
from the convention of using the ratio of surface area to
perimeter. Also shown for each data point is the uncer-
tainty in the measured shroud Nusselt number obtained
from the analysis described in Section 4. Typically, the
uncertainty in Nug, is around +5%. The data in this figure
are grouped in similar values of the axial Reynolds num-
ber, Re.. The shroud Nusselt number increases as the Gras-
hof number is increased and is seen to be virtually
independent of Re.. This provides evidence that the flow
mechanism responsible for the shroud heat transfer is free
convection.

The values of shroud Nusselt number obtained from
both Cavity 2 and Cavity 3 of the test rig with a narrow
annular gap between disc bore and shaft are compared in
Fig. 3. These data are for the same range of axial Reynolds
numbers as shown in the previous figure. Also shown in
this figure is the accepted correlation (Lloyd and Moran,
1974) for laminar (Grg, < 107) and turbulent (Grg, > 107)

Table 3

Values of uncertainty in the physical parameters relevant to the measurement of shroud heat transfer (Egs. (5) and (6))

Quantity Value used Uncertainty Source

Thermal conductivity of 7.72W/m K +0.193 W/m K Touloukian et al. (1970b)
titanium (Table 303)

Thermal conductivity of air Jeaie = (—5.289 x 10787%) + (1.062 x 10’4T) —9.7x107* Less than 1% over the =~ Touloukian et al. (1970a)

(W/m K) range (Table 170)

Axial spacing between discs s +0.1 mm Manufacturing tolerance

Shroud radius b +0.1 mm Manufacturing tolerance

Outer diameter of rotor D 4+0.1 mm Manufacturing tolerance

Surface temperature Tsh1s Tsho +0.43 °C Table 2

Air inlet temperature T; 40.16 °C Table 2
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Fig. 2. Variation of shroud Nusselt number with Grashof number in Cavity 2 for d /b = 0.092 and various values of Re.. Uncertainty bars represent
values calculated using Eq. (8) and Table 3.
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Fig. 3. Variation of shroud Nusselt number with Grashof number in both Cavity 2 and Cavity 3 for dy/b = 0.092; 4.0 x 10* < Re. < 1.9 x 10%;

0.29 < Ro < 5.8. Uncertainty bars represent values calculated using Eq. (8) and Table 3. Insert is the same data plotted on a logarithmic scale.
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free convection from a horizontal plate, with the upper sur-
face heated, in a gravitational field given by:

laminar : Nug, = 0.54(Grg.Pr)"*Grg, < 10 9)
turbulent : Nug, = 0.15(GrgPr)" > Grg, > 10 (10)

The growing bank of evidence (King et al., 2005; Tian
et al., 2004) suggests that Rayleigh-Bénard convection
may be a more appropriate mechanism to describe the flow
in the outer part of an open cavity. The semi-empirical cor-
relation of Grossmann and Lohse (2000) for Rayleigh—
Bénard convection in a stationary enclosure formed by
two plates separated by a vertical distance H is:

Nuy = 0.27(GryPr)"* + 0.038(GryPr)'? (11)

The suffix ‘H’ is used to denote that the distance between
the hot and cold plates H, is used as the characteristic
length scale. In the current geometry, the hot surface is
equivalent to the heated shroud and the cold surface the
axial throughflow. In which case H = (b — @) and:

_ (/b .
= (gL
s/b }

Y (/i 12
6ra = (51 Za7ay) O (12
so, with s/b =0.195 and a/b = 0.319:

Nuy = 0.166(GryPr)"* + 0.038(GrupPr)'>. (13)

It is worth noting that the leading constant or prefactor! in
the second term of Eq. (11) does not change because with
Nu x Gr'/? dependence the relationship is independent of
length scale.

The horizontal plate correlations model the flow as exter-
nal free convection. So the reference temperature used in
both the Grashof and Nusselt numbers is that of a local
air temperature. For a rotating cavity with an axial through-
flow, this would correspond to the temperature of the air
inside the cavity itself, T¢,, and not the temperature of the
inlet air, 7;,. For Rayleigh-Bénard (internal free) convec-
tion, the temperature of the cold surface is used as the refer-
ence temperature. For a rotating cavity with a heated
peripheral shroud and with axial throughflow, the cold sur-
face is not a solid boundary but the throughflow itself. This
implies that the inlet temperature can be used as the refer-
ence temperature for these correlations. For the purpose
of this figure, a value of Pr = 0.72 was used to generate the
curves for these correlations, a value which is typical of
the conditions for the range of experimental data.

There does not appear to be any systematic difference
between the shroud Nusselt numbers obtained from Cavity
2 and Cavity 3. This is hardly surprising since the cavities
are geometrically identical. From the bulk of evidence to

! The term ‘prefactor’ is used in the original article by Grossmann and
Lohse. It would seem to be more appropriate than the word ‘constant’
since as noted by the authors the numerical value of these prefactors are
not universal and are therefore not expected to be constant.

date it is almost certain that the heat transfer from the
shroud is due to free convection. The important question
that remains to be answered is how can this behaviour be
best represented? It appears that the experimental data
show close agreement with the correlation for laminar free
convection from a horizontal surface (Eq. (9)). It is a
known fact that rotation can damp out, or even prevent,
turbulence. In a closed cavity (i.e. without axial through-
flow), it is quite likely that this will delay the onset of tur-
bulence beyond the accepted criterion for transition in a
stationary environment (in this case Grg, > 107), or even
prevent it altogether. The numerical simulations of Sun
et al. (2004) have shown that this is indeed the case. The
Coriolis force suppresses convection and the behaviour
remains laminar at Grashof numbers where it would nor-
mally be expected to be turbulent. However, this appar-
ently good agreement is considered to be misleading.

In an open cavity (i.e. with axial throughflow) turbu-
lence in the throughflow may be expected to propagate into
the cavity itself. So transition to turbulent free convection
will occur, at perhaps a higher value of Grashof number
than usually associated with stationary free convection.
The LDA measurements of Long et al. do show that the
axial throughflow is highly turbulent (the turbulent fluctu-
ations are typically +40% of the axial velocity in the inlet
section and +5% of the disc tangential velocity at the outer
radius) and although it is reduced, turbulence does propa-
gate into the cavity and the region close to the shroud.
These measurements of flow behaviour would then appear
to support the hypothesis that the heat transfer is associ-
ated with turbulent free convection. There is evidence of
this in Fig. 3 in the log-log plot of the data shown in the
insert. Although their magnitude is lower, the gradient of
the data are closer to the curve for turbulent flow (where
Nug, Gr:f) than it is for laminar flow (where Nug,
G-

Long and Tucker (1994) carried out experiments on a
single cavity (a/b = 0.1, s/b = 0.13) with axial throughflow
but at lower values (2x 10°< Grg, <5x 10%) of shroud
Grashof number than presented here. They also made mea-
surements of the air temperature inside the cavity, T¢,.,
and found that if this was used, rather than the air inlet
temperature, in the definition of the Grashof and Nusselt
numbers, then there was good agreement with the above
correlations for free convection from a horizontal plate.
In their case, most of the data were in the transition region
where the laminar and turbulent correlations give similar
values, so it was not possible for them to identify if the flow
behaviour was laminar or turbulent. For the data presented
here, it was not possible to measure 7,,,. Nonetheless, it is
possible to estimate a value of T,, as being the value of
temperature that would occur to make the experimental
data coincident with the appropriate correlation. If the val-
ues of shroud Nusselt number and Grashof number based
on Tg,, and not Tj, are denoted by Nu}, and Grj, then:

sh

Nujy, = C(Grg,Pr)' (14)
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where the values of C and n are given by either Eq. (9) or
Eq. (10). Also, from the definitions of these non-dimen-
sional groups, they are related by:

* Tsh - Tin
Nush = Nushm (15)
and
Tsh - Tcav
Gri, =Grgs—— 16
o rhTsh_Tin (16)
Defining a dimensionless cavity air temperature, 0, as
(Tcav - Tin)
=2 —n 17
(Tsh - Tin) ( )

where a value of 6 =0 implies that 7,, = T;, and a value
of 6=1 implies T, = Ts,. Finally, by combining Egs.
(14)—(17) it can be shown that the cavity air temperature
expressed as a non-dimensional ratio is given by:

0=1-

oy ()

Nu

For Grg, <107, C=0.54 and n = 1/4 (i.e., Eq. (9)) and for
Gren > 107, C=0.15 and n = 1/3 (i.e., Eq. (10)).

In general, the values of 0 obtained from Eq. (18) are in
the range 0.2 < 0 < 0.4. This is consistent with the measure-
ments of § by Long and Tucker (1994) who for tests at
0.1 < Ro <10 with unheated discs and a heated shroud
obtained values (note their definition is different to that
used here but it is a simple matter to transform) of dimen-
sionless cavity air temperature in the range 0.2 <0 <0.3
and for tests with heated discs and a heated shroud in
the range 0.3 <6 < 0.4. Calculated values of 6 to achieve
coincidence with Eq. (9) (laminar free convection from a
horizontal plate), are much lower and than this and to
achieve coincidence with Eq. (9), in most cases results in
Teay = Tin and even T,y < T;, (Which is considered to be
unlikely). Since it is reasonable to assume that 7,, > T,
this would appear to exclude Eq. (9). The difference
between the values of 0 obtained assuming laminar free
convection and the measurements of Long and Tucker
appear to indicate that the flow is not laminar. This,
together with the fact previously noted that the data show
a Nug, Grsllf3 dependence makes it seem likely that the
flow is turbulent, that the heat transfer from the shroud
can be predicted by the correlation for free convection
from a horizontal surface.

The above comments would tend to lead to the conclu-
sion that Eq. (10), for turbulent flow from a horizontal
plate, should be used to predict the shroud heat transfer.
However, the more recent evidence for Rayleigh-Bénard
convection suggests that this agreement is at best fortuitous
and does not represent the physics of this flow. The corre-
lation for Rayleigh-Bénard convection given by Gross-
mann and Lohse involves two prefactors. In the original
form of the equation (Eq. (11)), these are 0.27 and 0.038.
As acknowledged by the authors, although the exponents
probably are universal, the values of prefactors are not.

They are expected to depend on for example geometry or
aspect ratio of the cavity. It is then, quite acceptable to
change these values of prefactors until an acceptable fit is
found with the experimental data. Obviously changing
the two values independently of each other could lead to
many possible combinations of best vales of prefactors.
To simplify this, the choice of prefactors is constrained
so that their ratio is constant. In this case, the most accept-
able fit to the experimental data shown in Fig. 3 is given by

Nug, = 0.216(Grg,Pr)'"* + 0.0494(Gry,Pr)'? (19)

The variation of shroud Nusselt number with Grashof
number for the test rig with the wide annular gap,
dn/b =0.164 (i.e., almost twice the annular gap between
disc bore and shaft) is shown in Fig. 4. The same comments
as noted for the narrow annular gap are seen to still apply:
Nug, is virtually independent of Re. and only depends on
the shroud Grashof number, Gry,; there is no significant
difference between the shroud Nusselt numbers from Cav-
ity 2 and Cavity 3. For the reasons argued above, these
data are represented by a modified form of Eq. (13) giving:

Nug, = 0.25(Grg.Pr)'"* + 0.057(Gro,Pr)'? (20)

Fig. 5 compares the shroud heat transfer from the follow-
ing test rigs: the disc and cone test rig (for a static shaft
only); the narrow; and the wide annular gap test rig. The
data are presented over the range of axial Reynolds num-
bers indicated in Table 1. Although not indicated here,
the sense of shaft rotation does not have any systematic ef-
fect on the shroud Nusselt number. The results for Cavity 2
are shown and similar comments apply to Cavity 3. It is
clearly seen that for Grg, >2x 10, the shroud Nusselt
number for the larger annular gap between shaft and disc
bore is greater than that for the narrow annular gap. As
noted by Long et al. (in press) there are also differences
in the measured values of tangential velocity (albeit at low-
er radii than the shroud). These differences are attributed to
the influence of the throughflow on the cavity flow. The
narrow annular gap between shaft and disc bore would ap-
pear to attenuate the influence of the throughflow and this
reduces the heat flux, and since 7j, (which is unaffected) is
used as the reference temperature to define the Nusselt
number from the shroud, Nug, is reduced.

This explanation does however, lead to an inconsistency
with the measurements on the shroud of the disc and cone
rig. From Fig. 5 the shroud heat transfer for the disc and
cone rig, with a restriction in the bore diameter immedi-
ately downstream of the cavity appears to be greater than
that measured in the narrow annular gap test rig. Follow-
ing the argument advanced above the restriction would be
expected to have the reverse effect. This apparent contra-
diction may be explained by two-dimensional conduction
effects which were not accounted for in the analysis of
the shroud heat transfer data (Eq. (5) implies one-dimen-
sional heat conduction) in the disc and cone rig. The pres-
ence of the cone immediately next to the shroud would be
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expected to affect conduction paths inside the shroud and
to a certain extent invalidate the assumption of one dimen-
sional conduction. A two-dimensional conduction solution
for the shroud of the disc and cone rig was not possible due
to insufficient boundary conditions. The value of heat flux
obtained from Eq. (5), should therefore overestimate the
actual heat flux and this appears to be consistent with the
data. There is no cone assembly in either the narrow or
wide annular gap test rigs so these data are unlikely to be
affected by two-dimensional conduction paths.

From the foregoing it is clear that heat transfer from a
peripheral shroud is governed by free convection where
the buoyancy force is generated from rotationally induced
forces. It is also instructive to examine the heat transfer
data from the cone surface itself (rather than the shroud)
to see if this too behaves in this fashion. A clue to suggest
that this behaviour does occur on the cone can be found in
the form of correlation of the local Nusselt numbers (Alex-
iou et al., 2000). These measurements were made with a
two-dimensional conduction solution of the cone surface.
For Ro < 3.5, the local Nusselt numbers for the cone are
correlated by:

Nu = 0.0243Re(2l086{Rei[)}AT}O,SZ() (r/b)71.89{(b/r) _ 1}70,022
(21)
This indicates that the dependence on the axial Rey-

nolds number is small and also that the Nusselt numbers
are related to the product ReéﬁAT , which is a Grashof

1000 :

1415

number. The exponent to this term is very close to the value
associated with turbulent free convection (n=1/3). So it
would appear that the heat transfer from a heated, rotating
internal conical surface in the presence of axial through-
flow may also behave as free convection from horizontal
plate. This is confirmed in Fig. 6 which shows the variation
of average Nusselt number with Grashof number obtained
from tests on the cone. The length scales used to define
both Grg, and Nug, are, as before, the ratio of exposed area
to the perimeter (although, for turbulent free convection
the choice of length scale for Nu and Gr is irrelevant, pro-
viding of course that the same length scale is used for both
groups). The data are grouped into ranges of a buoyancy
number, Bo, as indicated in the legend. This is adapted
from the conventional definition (=Gr/Re?) used in non-
rotating systems to assess the relative contributions of free
and forced convection. For a rotating cavity with an axial
throughflow and a heated cone, the equivalent definition is
taken as:

Bo = Re AT /Re; (22)
where AT is taken as the average cone surface to air inlet
temperature difference.

Due to the relatively complex geometry involved here,
the absolute values may not be entirely correct. But a value
of Bo > 1 generally implies that free convection domi-
nates; a value of Bo < 1 implies that forced convection
dominates. Also shown in Fig. 6 are the curves for turbu-
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Fig. 6. Variation of Nusselt number with Grashof number for the internal surface of the cone in the disc and cone test rig.
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lent free convection from a horizontal surface (Eq. (10))
and the Grossmann and Lohse correlation using the value
of (b — a) evaluated at the midpoint of the cone as the char-
acteristic length scale. This gives:

Nug, = 0.205(Grg.Pr)""* + 0.038(Gry,Pr)'? (23)

These data are also for tests with a static shaft, a co-
rotating shaft and a contra rotating shaft. In addition, tests
were also conducted with different values of mass flow
extracted through the holes in the shaft. For the data here
this varied in the range of 10-80% of the axial throughflow
and this may account for the scatter in the data at large val-
ues of Bo and similar values of Grg,. As previously noted,
and in particular since the geometry now being considered
is now much more complex than an annular cavity, the pre-
factors in Eq. (23) are not expected to be the correct values.
However, the curve does serve as a useful reference for Ray-
leigh-Bénard convection. As can be seen, for 1 < Bo < 190,
the experimental data show some similarity with the curve
for Rayleigh-Bénard convection. As the buoyancy number
is reduced beyond Bo <1 there is a departure from this
behaviour and it appears that Nug, is independent of the
Grashof number. This is to be expected due to the more
dominant influence of the axial throughflow on the cone
heat transfer at small values of buoyancy number. In this
region, the heat transfer from the cone is expected to be
influenced by forced convection effects and Eq. (23) is not
valid. The curve for turbulent free convection from a hori-
zontal plate predicts values of shroud Nusselt number much
greater than those measured. Although it is plausible that
this correlation could predict the heat transfer from the
cone, it does involve knowing the cavity air temperature
T..v and as previously noted this may not represent the
physics of the flow in the outer part of the cavity.

6. Conclusions

This paper has presented measurements of shroud heat
transfer tests carried out on a heated multiple cavity test
rig. This experimental test rig is designed to be a 70% full
scale replica of a high pressure compressor internal air sys-
tem. Three different configurations of the test rig have been
investigated. In one, the rig comprised two cylindrical cav-
ities and a cone, the direction and speed of rotation of the
central drive shaft could also be varied. In the other two,
the rig comprised four identical cylindrical cavities and a
non-rotating shaft. The difference between these two was
in the annular gap between the shaft and the discs. For
the narrow annular gap, dy/b = 0.092 and for the wide
annular gap dy,/b = 0.164.

Measurements of heat transfer were made using surface
temperatures and a conduction solution method. These
were carried out for a range of non-dimensional conditions
that are representative of those found inside an engine.

The heat transfer from the shroud is seen to be governed
by rotationally-induced free convection and depends only

on the shroud Grashof number. The flow rate of the axial
throughflow has little or no consistent effect on the shroud
heat transfer. Although the cavity air temperature was not
measured in these tests, earlier work where it was, demon-
strated the principle that the shroud Nusselt number may
be predicted from modified established correlations for free
convection from a horizontal plate in a gravitational field.
This modification takes the form of replacing the gravita-
tional acceleration with the centripetal term and uses the
cavity air temperature, not the inlet temperature. The cur-
rent data are consistent with this and it is expected that if
the cavity temperature was known, then it is possible that
the shroud Nusselt numbers could be predicted from the free
convection correlations. However, any such agreement is
considered to be fortuitous and not be representative of
the physical mechanisms of the flow in the outer part of
the cavity. Instead, it is suggested that simple modifications
are made to a correlation for Rayleigh-Bénard convection
in a stationary enclosure. This does not require knowledge
of the cavity temperature. It is shown that adjustment of
the prefactors in this correlation gives an acceptable fit to
the experimental data. Further work is required to establish
how cavity geometry and disc heating affect this correlation.

There is a difference in the Nusselt numbers between the
test rigs with the narrow and wide annular gaps between
shaft and disc bores. The values of Nugy, from dy,/b =
0.164 are greater than those for dy/b = 0.092. This differ-
ence is attributed to the greater influence of the through-
flow on the cavity air when the annular gap is increased.
There is also some evidence to suggest that the heat trans-
fer from the inside of a rotating conical surface exposed to
axial throughflow can be predicted using a Rayleigh—
Bénard correlation, providing the Buoyancy number is
large enough, Bo > 1 in the data shown here.
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