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ABSTRACT 

Heat transfer within the rotating compressor cavity of an aero-engine is predominantly 

governed by buoyancy, which can be characterised by the Grashof number. Unsteady and 

unstable buoyancy-induced flow structures influence the temperatures and stresses in the 

compressor rotors, and these affect the radial growth of the discs. In addition, the heat 

transfer from the discs and shroud increases the temperature of the throughflow of cooling 

air. 

This paper contains two connected parts. First, a heat transfer correlation for the 

shroud of a rotating cavity was determined from steady-state heat flux measurements 

collected in the Bath Compressor-Cavity Rig at engine-simulated conditions. The Nusselt 

numbers were based on the cavity air temperature adjacent to the shroud, which was 

predicted using the Owen-Tang buoyancy model. Heat transfer from the shroud was 

consistent with free convection from a horizontal plate in a gravitational field. Maximum 

likelihood estimation was used with a Rayleigh-Bénard equation to correlate the shroud 

Nusselt number with the local Grashof number.  
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Secondly, an energy balance was used to calculate the enthalpy rise of the axial 

throughflow from the measured disc and shroud heat fluxes. Disc fluxes were derived from 

radial distributions of measured steady-state disc temperatures using a Bayesian model and 

the equations for a circular fin. The calculated throughflow temperature rise was consistent 

with direct thermocouple measurements. The complex, three-dimensional flow near the 

cavity entrance can result in enthalpy exchange penetrating upstream in the throughflow, 

and rotationally-induced flow can create upstream axial flow in the outer part of the 

annulus. 

 

1. INTRODUCTION AND REVIEW OF RELEVANT RESEARCH 

The increasing demand for improved performance, with a consequential reduction in 

environmental pollution at altitude, has led to dramatically increased overall pressure ratios 

(OPR) in aero-engines. This presents a challenge for engine designers: higher OPR require 

shorter compressor blades and vanes, which increases the sensitivity of compressor 

efficiency and reliability to changes in tip clearances across the flight cycle.  

Figure 1 shows a cross-section of a high-pressure aero-engine compressor where 

clearances are formed between the blade tip and the casing as well as between stationary 

vane components and the rotor shroud. An axial throughflow of air, which passes between 

the inner shaft and the cobs of the rotor discs, is used for cooling purposes in downstream 

sections of the turbine. In the stages of the flight cycle where the shroud is hotter than the 

throughflow (e.g. cruise), buoyancy-induced flow is driven by the radial gradient of 

temperature, existing in cavities formed between co-rotating discs. The stresses in these 

discs, and therefore the radial growth and critical clearances, are influenced by the heat 

transfer caused by complex, unsteady and unstable buoyant-flow structures. In addition, 
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the heat transfer from the discs and shroud in the cavity increases the temperature of the 

axial throughflow, reducing the potential capacity of the downstream cooling system. 

  

 

Figure 1: A cross-section through a modern high pressure aero-engine compressor. 

Rotating components are shaded grey. Adapted from [1]. 

 

A comprehensive review of buoyancy-induced flow is provided by Owen and Long 

[2], which was updated with more recent literature by Luberti et al. [3]. The rotating cavity 

flow structure for a buoyancy-induced flow regime is illustrated in Fig. 2. The high Coriolis 

forces experienced at engine operating conditions create pairs of cyclonic and anticyclonic 

vortices in the core. There is heat transfer to the radially inward flow within Ekman layers 

near the disc surface and a subsequent exchange of enthalpy with the axial throughflow.  

 

1.1 Disc heat transfer 

Heat transfer to and from the discs is described by a local Nusselt number, Nuf : 

Nuf = 
hf r

k
 (1) 
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Note that all symbols are defined in the nomenclature. A positive value of Nuf indicates 

that heat is transferred from the disc to the air. Buoyancy-induced heat transfer is governed 

by the Grashof number Grf, which combines the effects of rotation and the temperature 

difference between the shroud and the throughflow (ΔTf ): 

Grf = Re
ϕ

2β∆Tf (2) 

In aero-engines, Grf = O(1013), Reϕ = O(107) and βΔTf = O(10-1). Disc heat transfer 

generally increases with Grf. However, due to compressibility effects that increase the 

cavity air temperature and attenuate heat transfer, there is a critical Reϕ for which Nuf is a 

maximum, [4,5]. Calculation of the heat transfer in the discs is a conjugate problem: the 

Nusselt numbers depend on the disc temperature, which in turn depends on the Nusselt 

numbers. 

The influence of the throughflow is governed by the Rossby number: 

Ro = 
W

Ωa
∝ 

Rez

Re
ϕ

  
 

(3) 

At engine-operating conditions, Ro = O(10-1) and Rez = O(105). For large Ro (greater than 

~ 0.5), Nuf can be negative at a low radius on the upstream disc [5-7]. This is caused by a 

region of recirculation in the inner region, as illustrated in Fig. 2, which transfers heat from 

the cavity air to the upstream disc. While disc heat transfer at a high radius is driven by 

free convection, it is likely to be dominated by forced convection near the cobs, due to the 

influence of the throughflow. 
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Figure 2: The flow structures in a rotating compressor cavity at high Ro conditions. 

 

1.2 Shroud heat transfer 

Shroud heat transfer occurs in the ‘outer layer’ labelled in Fig. 2. It can be described 

by the shroud Nusselt number, Nush, which is based on an appropriate reference 

temperature, Tref: 

Nush= 
href s/2

kref

 (4) 

The characteristic length scale, s/2, is equal to the ratio of shroud area to the perimeter. 

Nush is governed by the local Grashof number, Grsh, and Rayleigh number, Rash: 

Grsh = 
ρ

ref
2 Ω

2
b(s/2)

3

μ
ref
2

β∆Tref (5) 

Rash = GrshPrref (6) 
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Table 1 presents shroud heat transfer correlations published in the literature for open 

cavities with an axial throughflow, alongside the method for calculating the heat flux qsh, 

and for defining Tref. The table includes the correlation derived in this paper, which is 

explained in detail in Section 3.  

 

Table 1: Shroud heat transfer correlations and the methods to obtain them 

Publication dh/b s/b 
qsh 

method 
Tref Rash range Correlation 

Long and 

Tucker [8] 
No 

shaft 
0.134 

2 x heat 

flux gauges 

Measured in 

cavity at r/b = 

0.87 

1x106 to 2x108 Nush = C(Rash)n 

Long and 

Childs [9] 0.092 0.195 
1D 

conduction T𝑓+
Ω2(b

2
-a2)

2Cp
 3x107 to 4x109 

Nush = 0.22(Rash)0.25 

+ 0.049(Rash)0.33 

Long and 

Childs [9] 0.164 0.195 
1D 

conduction T𝑓+
Ω2(b

2
-a2)

2Cp
 3x107 to 4x109 

Nush = 0.25(Rash)0.25 

+ 0.057(Rash)0.33 

Puttock-

Brown et al. 

[10] 

0.164 0.195 
1D 

conduction 

Measured in 

cavity at r/b = 

0.98 

4x108 to 3x109 
Nush = C1(Ra)0.25 + 

C2(Ra)0.33 

Gao and 

Chew [11] 
0.083 0.500 

LES 

(Hydra) 

Computed at 

r/b = 1 
5x106 to 1x108 Nush = 0.17(Ra)0.32 

This paper 0.150 0.167 
Heat flux 

gauge 

Modelled at 

r/b = 1 
7x106 to 3x108 

Nush = 0.17(Rash)0.25 

+ 0.08(Rash)0.33 

 

The correlation in [8] was derived from direct heat flux measurements on the shroud 

of a cavity with no central shaft. Tref was based on cavity air temperature measurements 

made using a probe midway between the discs at r/b = 0.87. Long and Tucker proposed a 

heat transfer correlation akin to free convection on a horizonal surface, with an exponent n 

= ¼ for the laminar regime and n = ⅓ for the turbulent regime; C was the corresponding 

pre-factor. Their experimental data were consistent with both flow regimes, but due to the 

limited tested range of Rash they could not identify transition from laminar to turbulent 

flow.  

More recent evidence suggests that Rayleigh-Bénard convection is the specific free 

convection mechanism that drives shroud heat transfer. A modified form of the Grossman 
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and Lohse [12] equation for Rayleigh-Bénard convection between parallel plates provided 

the best agreement for the experimental results of Long and Childs [9]. They collected disc 

and throughflow temperatures in an open, rotating cavity for two different sizes of annular 

gap between the disc bore and shaft. The shroud heat flux was calculated from a 1D 

conduction method, while the reference temperature used to derive the heat transfer 

correlation was based on the ambient temperature, Tf. They estimated that radiation from 

the shroud accounted for around 10% of the heat flux.  

Experiments by Puttock-Brown et al. [10] show that Nush strongly depends on the 

definition of the reference temperature. Using the same definition of Tref as Long and Childs 

[9], they calculated slightly lower values of Nush owing to measurements of Tf in the 

annulus downstream of a cavity where heat may have been transferred to the throughflow. 

They also collected temperature measurements in the cavity at r/b = 0.98 using a 

thermocouple that protruded from the shroud. Basing Tref on this temperature resulted in a 

correlation closer to turbulent free convection than that proposed by Long and Childs [9]. 

CFD simulations described by Puttock-Brown et al. revealed the formation of coherent 

streaks on the shroud, indicative of Rayleigh-Bénard convection cells. While heat transfer 

quantities from these computational results agree with experimental measurements [13], 

the presence of the streaks has yet to be validated experimentally. The results of other 

shroud heat transfer simulations are also consistent with that of a free convection 

correlation from a horizontal surface [7,11,14]. 

 The published literature highlights that an accurate heat transfer correlation requires 

careful measurement or modelling of both a) the cavity air temperature near the shroud and 

b) the convective element of shroud heat flux.   
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This paper is divided into two significant parts. First, steady-state heat transfer 

measurements collected using the Bath Compressor-Cavity Rig are presented. Heat fluxes 

were measured directly on the shroud using a heat flux gauge and corrected for radiation.  

A theoretical model, developed by Owen and Tang [15], was used to predict the cavity air 

temperature adjacent to the shroud. The model, which considers compressibility effects 

and core slip, has been shown to calculate disc temperatures and Nusselt numbers with 

good accuracy when compared against experimental data [4,5]. Secondly, an energy 

balance was used to calculate the enthalpy rise of the axial throughflow from the measured 

shroud and disc heat fluxes; the disc fluxes were derived from a radial distribution of 

steady-state disc temperatures using a Bayesian model and the equations for a circular fin. 

The calculated temperature rise of the throughflow was compared to direct thermocouple 

measurements made across the throughflow annulus. The data were collected over an 

appropriate range of engine-representative parameters. 

Section 2 describes the Bath Compressor-Cavity Rig and the instrumentation used. 

Section 3 provides a heat transfer correlation on the shroud. Section 4 evaluates the sources 

of heat flow in the cavity and Section 5 calculates the throughflow enthalpy rise and 

compares this with direct temperature measurements. Section 6 summarises the main 

conclusions. 

 

2. BATH COMPRESSOR-CAVITY RIG 

Figure 3 shows an isometric view of the Bath Compressor-Cavity Rig, which was 

designed and constructed in partnership with Torquemeters Ltd. Luberti et al. [3] provide 

a detailed description of the facility and compares its capabilities with other compressor-

cavity rigs.  
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The rig features an overhung disc drum mounted at one end of a shaft assembly, driven 

by a 30kW motor via a belt at the opposite end to the discs. The disc drum can operate at 

speeds in the range N = 800 – 8,000 rpm, equivalent to Reϕ ~ 3x105 – 3x106. The speed is 

measured by the motor encoder to within ± 10 rpm. Quiescent, ambient air is drawn through 

the annulus between a stationary shaft and the bore of the rotating drum. The air passes 

around the bearing sleeve of the drive-shaft unit, and through to an extraction unit (not 

shown), which can create throughflow mass-flow rates of up to 0.15 kg/s. The flow rate is 

measured by a thermal mass flow meter to within ± 5x10-4 kg/s. The rig can achieve a 

maximum Rez ~ 4x104 and Ro ~ 2. 

The disc drum is constructed of four titanium discs, creating three cavities. Heat 

transfer measurements were made on the surfaces of the central cavity. The surfaces of the 

upstream and downstream cavities were insulated with low conductivity Rohacell foam of 

5 mm thickness; this provided the near-adiabatic boundary conditions around the central 

cavity necessary to apply the Bayesian statistical methods to derive the disc heat fluxes. 

Heat and mass transfer between the throughflow and upstream/downstream cavities were 

prevented by modular Rohacell inserts. The shroud temperature of the central cavity was 

controlled by six circular-heater 2 kW elements, which could achieve shroud temperatures 

in excess of 100°C, equivalent to βΔTf ~ 0.28. 
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Figure 3: The experimental rig showing a section view of the disc drum. The central 

cavity test section is shaded black. 

 

Figure 4 shows the instrumented central cavity. The diaphragm and cob of the 

upstream and downstream discs each contain four radial arms of eight K-Type 

thermocouples, allowing 64 simultaneous temperature measurements in total. They were 

potted directly in circumferential grooves in the disc surface to minimise thermal 

disturbance errors. In addition, thin foil thermocouples were fixed on the shroud and under 

the bore of the cob. The shaft, shroud and the disc surfaces, which surround the cavity, 

were painted matt black to allow the accurate calculation of the radiant heat transfer – see 

[16]. 
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Figure 4: Cross-section of the central cavity and the throughflow annulus, showing 

disc and rake thermocouple locations, and the heat flux gauge on the shroud. The 

main dimensions are given in millimetres. 

 

An RdF thermopile heat flux gauge was secured on the shroud of the downstream disc 

in order to measure the shroud heat flux directly. The gauge, which has 54 thermopile 

junctions made from copper-constantan pairs, is 15 mm wide and 46 mm long, spanning 

the full width of the downstream shroud (the shroud fillet radius, rf, is 5 mm). The gauge 

was calibrated in house (see [17]) for steady-state measurements between 0.5 – 8 kW/m2 

and for shroud temperatures up to 110°C. The equation used to determine the heat flux, qsh, 

is: 

q
sh

=k̃
V

n (A1+2A2Tsh)
 (7) 
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Here, V is the measured voltage from the heat flux gauge, Tsh is the shroud temperature and 

n is the number of thermopile junctions, while A1, A2, and k̃ are constants determined from 

the calibration. Uncertainty in the heat flux measurements is discussed below. 

The wires from the rotating instrumentation are routed to the back surface of the disc 

drum and pass through the drive unit to a Datatel telemetry system, where they are pinned 

into the sockets of five acquisition modules. Each module contains a PT100 Resistance 

Temperature Detector (RTD) to measure the cold junction temperature. The data from the 

telemetry was transmitted to a receiver via an antenna. The thermocouple data was 

compensated using the cold junction temperature from the RTD and converted to a 

temperature using a known calibration. The heat flux was derived from the measured 

voltage using Eq. (7). The estimated combined uncertainty of the rotating thermocouples 

can be described by a standard deviation of around ± 0.5 °C, while the standard error of the 

shroud heat flux is typically between 2.5% and 4% of the measured value. 

Temperature data from the thermocouples were acquired at a sampling rate of 10 Hz. 

The normalized temperature, , was used to assess whether steady-state conditions had 

been reached.  

Θ= 
To - Tf

T
o,b

' 
- Tf

 (8) 

Here, Tf is the average temperature of the throughflow upstream of the cavity and To,b′ is 

the temperature measured from the thermocouple at the highest radius on the diaphragm 

(i.e. closest to the shroud). A steady-state condition was defined to be when the median 

average of  for each disc thermocouple changed by less than 0.01 between a pair of ten-

minute intervals. 
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To measure the temperature of the axial throughflow, three rakes were mounted on the 

stationary shaft. Rake A contained four K-type thermocouples, and Rakes B and C 

contained five that were evenly spaced across the annulus. The locations are marked in Fig. 

4. The temperatures from Rakes B and C were collected for all experiments, while 

temperatures from Rake A and for the shaft itself were collected for only limited cases. 

The estimated uncertainty of the rake thermocouples can be described by a standard 

deviation of ± 0.3°C.  

A total of 65 experiments were conducted over a range of Reϕ, βΔTf and Ro conditions. 

The ranges for the experimental parameters are summarised in Table 2. The maximum 

Biot number based on disc thickness (t) was less than 0.05. 

 

Table 2a: Dimensional experimental parameter ranges. 

 Parameter Ω [rpm] ΔT [°C] ṁ [kg/s] 

 Range 800 – 8,000 30 - 80 0.023 – 0.139 

 

Table 2b: Non-dimensional experimental parameter ranges. 

 Parameter βΔTf Reϕ (x106) Grf (x1012) Rez (x104) Ro 

 Range 0.10 - 0.28 0.32 – 3.1 0.012 – 2.4 0.66 – 3.9 0.1 – 2.0 

 

3. SHROUD HEAT TRANSFER  

To determine a correlation between Grsh and Nush, shroud heat fluxes and appropriate 

reference temperatures are required. Here the flux was measured directly using the 

thermopile gauge and corrected for radiation. As noted above, the surfaces of the discs, the 

shroud and the shaft were all painted black, hence blackbody radiation was assumed to 
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estimate the radiative heat fluxes [16]. It was calculated that 5% to 10% of the total heat 

fluxes from the shroud were attributed to radiation.  

 

3.1 Cavity core temperature  

Though not directly measured, the cavity core temperature can be estimated from the 

disc temperature measurements using the Owen-Tang buoyancy model [15]. The model 

has been used to successfully calculate the disc temperature and heat transfer measured in 

more than 30 tests in two different experimental rigs [4,5,18]. A summary of the model is 

given in Appendix A. The theory assumes buoyancy-induced Ekman-layer flow on the 

rotating discs in the cavity and an inviscid rotating core of fluid between the Ekman layers. 

In practice, the flow in the cavity is unsteady and non-axisymmetric, but the time-averaged 

and spatial-averaged value is used in the model.    

Solving the equation for the compressible core, the cavity air temperature, Tc, 

can be calculated using: 

Tc=Tc,i+
1

2cp

Ωc
2
(r2-ri

2) (9) 

Here, Ωc is the angular speed of the core and Tc,i is the core temperature at the inner radius 

of the buoyancy region, ri. Ωc was assumed to be 90% of the disc speed and ri/b = 0.7 was 

selected considering the 47 experimental cases at Ro ≤ 0.8. Note that the core rotation was 

measured to be between 85% and 92% of the disc speed [19]. The buoyancy region is 

illustrated in Fig. 2. The non-dimensional core temperature is defined as: 

Θc≝
Tc-Tref

To,b-Tref

 (10) 



GTP-20-1327 Jackson 15 

 

The disc heat transfer can be predicted by solving the Ekman layer equations together 

with Eq. (9), and the value of Θ is determined by coupling the convection in the core and 

the conduction in the disc. The detailed calculation is given in Appendix A.   

The Bayesian statistical model described by Tang et al. [20] used the measured disc 

temperatures to calculate the radial distribution of the Nusselt numbers for the rotating 

discs, these were then used as criteria to judge the accuracy of those obtained from the 

buoyancy model. Good agreement between the Nusselt numbers was achieved by 

iteratively altering the assumed value of Tc,i used in Eq. (9) to calculate the core temperature 

in the buoyancy model. Tc,b, the core temperature at r = b obtained in this way, was then 

used in the calculation of the shroud Nusselt number. Figure 5 shows good agreement 

between the radially-weighted-average core temperatures and Nusselt numbers obtained 

from the Bayesian and buoyancy models for Rossby numbers between 0.1 and 0.8.   

 

 

Figure 5: Comparison between the predicted and measured surface-averaged values 

of (a) Θ and (b) Nuf for r/b > 0.7 and Ro < 0.8 
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3.2 Shroud Nusselt numbers 

Figure 6 shows the variation of Nush with Grsh measured using the heat flux gauge 

and evaluated using the core temperature, Tc,b, calculated as described above. Also shown 

are the accepted empirical correlations for laminar and turbulent free convection from 

horizontal plates in a gravitational field [21] where:  

Nush,lam=0.54(GrshPr)1/4 (11a) 

and  

Nush,turb=0.15(GrshPr)1/3 (11b) 

Although the measured values are closer to the laminar correlation than to the turbulent 

one, a better fit can be achieved with the Rayleigh-Bénard equation: 

Nush,RB=0.17(GrshPr)1/4 + 0.080(GrshPr)1/3 (11c) 

The statistical fit and the 95% confidence intervals for this equation were achieved using 

maximum likelihood estimation.  
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Figure 6: Measured variation of Nush with Grsh 

 

This paper is divided into two significant, but connected, parts. First, steady-state 

shroud heat transfer measurements were presented above. The second part, which follows, 

considers an energy balance to calculate the enthalpy rise of the axial throughflow using 

the measured shroud and disc heat fluxes. The calculated temperature rise is compared with 

direct thermocouple measurements made across the throughflow annulus. The throughflow 

temperature rise is of interest to the engine designer, as it has implications on the cooling 

effectiveness in the downstream turbine stages. 

 

4. THROUGHFLOW TEMPERATURE RISE 

The heat transferred from the surfaces of the rotating cavity will increase the enthalpy 

of the axial throughflow. In this section, the temperature rise is calculated from the sum of 

the cavity heat flows and compared to the measured throughflow temperature distributions. 
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Figure 7 shows the heat transfer control volume. The total heat flow into the cavity can be 

found from: 

Q̇
total

= Q̇
d,1

+Q̇
d,2

+Q̇
sh

+Q̇
c,1

+Q̇
c,2

 (12) 

A modelled temperature rise across the control volume can then be calculated: 

∆Tf,calc = 
Q̇

total

ṁcp

 (13) 

Estimates of the uncertainty in the values of the heat flows and ΔTf,calc are given in  

Appendix B.  

 

 

Figure 7: Control volume showing the various heat flows; the boundaries are 

marked by red vertical dashed lines in the throughflow annulus. 
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4.1 Cavity heat flows 

The disc heat flows (Q̇d,1 and Q̇d,2) are derived from the steady-state disc temperatures 

using a Bayesian statistical method in conjunction with the heat transfer equations for a 

circular fin. The method is explained in detail by Tang et al. [20]. The Bayesian model 

initially calculates the Biot numbers, Bi (where Bi =hfb/ks), from measured disc 

temperatures, subject to a smooth radial distribution of Nusselt number (Nuf). The Nusselt 

numbers are used as a boundary condition in the circular fin equation, which calculates the 

disc temperatures. These calculated temperatures are then compared with the measured 

values, and the Bi distribution is adjusted iteratively until satisfactory convergence is 

achieved. 

Radial distributions of the non-dimensional disc temperatures and corresponding heat 

fluxes are shown in Figs. 8a and 8b for two cases with different values of Ro and similar 

values of Reϕ and βΔTf. The measured temperatures are shown by the open and closed 

circles, representing the upstream and downstream discs, respectively. The measurement 

locations are indicated on the silhouette of the central cavity, which is aligned radially with 

the data. The Bayesian model has been applied to provide the best continuous temperature 

fits, denoted by the lines. The upstream and downstream disc temperatures reduce with an 

increase in Ro, due to the influence of the cool throughflow.  

The corresponding disc heat fluxes in Fig. 8b are calculated from the Bayesian model 

and circular fin equations. Buoyancy-induced flow increases the heat transfer at the larger 

radii, and the influence of the throughflow is apparent at low radius, towards the cob region 

(r′/b < 0.5). Here, the disc heat flux is positive on both surfaces for the low Ro case, while 

the upstream disc has a negative heat flux for the high Ro case (i.e. heat is being transferred 

from the air to the disc). This is consistent with the recirculating flow structure illustrated 
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in Fig. 2. The phenomenon of asymmetric disc heat transfer at high Ro conditions 

highlights the merit of instrumenting separate discs. 

From the radial distribution of disc heat flux, qd, the heat flow from each disc is 

calculated using a numerical trapezoidal integral, which approximates the following 

continuous integral: 

Q̇
d
= ∫ 2πrq

d
 dr

b

a

 (14) 

 

 

Figure 8: Radial distribution of (a) Θ and (b) qd calculated from the Bayesian model 

for two cases at Ro = 0.2 (black) and Ro = 0.8 (red). Reϕ ~ 8x105, Grf ~ 2x1011. The 

inset figure in (a) shows a magnified portion of the curves. 

 

The shroud heat flow, Q̇sh, is calculated from the measured heat flux as follows: 

Q̇
sh

= 2πbq
sh

[s+rf(π-2)] (15) 
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It is assumed that the heat flux is similar over the shrouds of both discs and that its 

contribution extends over the fillet radius (rf) joining the diaphragm and shroud. 

The continuous temperature distributions calculated from the Bayesian model are used 

to determine the heat flows from the bores of the cobs, Q̇c,1 and Q̇c,2. The heat flux is 

approximated from the temperature distribution using the following second-order 

backward differencing scheme: 

q
c
= 

-Ti=2+4Ti=1-3Ti=0

2∆r
 (16) 

Here, T is the modelled temperature at the ith data point from r = a, and Δr is the radial 

distance between the Bayesian data points. For the data analysed, Δr/b = 2.3x10-3. As the 

Bayesian model uses the measured cob temperature at the bore as a boundary condition, 

Ti=0 is equivalent to this measured value. The general cob heat flow is then determined by: 

Q̇
c
= 2πaq

c
L (17) 

The heat flow contributions from the cobs, discs and shroud are shown in Fig. 9 as a 

function of Grf, for the 16 cases where Ro is between 0.4 and 0.5. The effect of Ro is minor, 

hence only a small range of Ro is presented here. Although the heat flow fraction through 

the discs and shroud is similar (between 40% and 60% of the total), the contribution of the 

discs reduces with Grf, while the shroud contribution increases. Nuf increases as Grf 

increases, consequently the disc temperatures – and therefore the heat transfer from the 

discs – decrease relative to that from the shroud, the temperature of which is unchanged as 

Grf increases. The fraction of heat flow through the bore of the cobs is less than 10% of the 

total, with low dependency on Grf. These values are broadly consistent with the heat 

transfer analysis performed by Tang et al. [18]. They predicted the average contributions 

from the shroud, both disk surfaces, and the cob bores to the temperature rise to be 



GTP-20-1327 Jackson 22 

 

approximately 62%, 37%, and 1%, respectively, for the range of conditions tested (Grf = 

2.5x1011 to 1.0x1012). 

 

Figure 9: Proportion of total heat flow through the discs, shroud and bore of the 

cobs. Ro = [0.4, 0.5].  

 

4.2 Comparison of the calculated and measured throughflow temperature rise 

Figure 10 shows radial distributions of the measured non-dimensional throughflow 

temperatures, Θ. The three rake locations are labelled in Fig. 4. For the cases presented 

here, shaft surface temperatures were measured at the same axial locations as Rake B and 

C. The corresponding calculated non-dimensional temperature rise, ΔΘf,calc, is marked in 

each subplot by a red, vertical line, where: 

ΔΘf,calc = 
ΔTf,calc

T
o,b

'
 
- Tf

 (18) 

The 95% confidence interval in ΔΘf,calc is denoted by the shading, while error bars on Θ 

are shown for an example case in Fig. 10a. Ro is constant within a column (and increases 



GTP-20-1327 Jackson 23 

 

left to right), while Reϕ is constant within a row (and increases top to bottom). βΔTf is 

similar for all cases.  

The temperatures of Rake B and C gradually increase with radius from the cool shaft 

to the hot bore. The profiles indicate that some conduction has occurred along the shaft, 

with heat extracted from the warmer downstream air and transferred upstream. An increase 

in Ro or Reϕ causes a reduction in Θ of both rakes, due to an increase in Rez and ṁ. 

The high values of Θ along Rake B at low Ro and Reϕ is caused by the transfer of heat 

upstream from the cavity. The likely mechanism for this is a separation bubble. Evidence 

of heat transfer further upstream is given by the Rake A temperatures, which become 

warmer with increasing radius and Reϕ. This is less likely to be caused by a separation 

bubble, as the rake is far upstream from the cavity. A more likely mechanism is 

rotationally-induced flow, which can occur in rotating tubes that are open at one end [22]. 

The high pressures generated by centripetal acceleration at the outer radius of the rotating 

tube can be higher than ambient, resulting in an axial outflow near the outer radius and an 

inflow near the centre. The temperature measurements of Rake A in Fig. 10 are consistent 

with this phenomenon, and hot air near the rotating outer surface flows axially toward the 

open end of the annulus. 

The value of ΔΘf,calc can be directly compared with the temperatures of Rake C, the 

location at which marks the edge of the heat transfer control volume, as shown in Fig. 7. 

Heat transfer downstream of Rake C was limited by the Rohacell insulation on the rotating 

surface of the annulus. The red line denoting ΔΘf,calc coincides with the Rake C temperature 

distribution at a low radius for all six cases shown. This suggests that the mass flow is not 

uniform across the annulus but is instead weighted towards the inner radius. The consistent 
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location of the intersection point, along with the similar temperature profiles, indicates that 

the flow structure is unaffected by the range of Ro and Reϕ presented here.  

 

Figure 10: Radial throughflow temperature distributions. Left, Ro = 0.1; right, Ro = 

0.2. For (a), (b) Reϕ ~ 1.6x106; (c), (d) Reϕ ~ 2.4x106; (e), (f) Reϕ ~ 3.1x106. βΔTf = 

[0.24, 0.28]. ΔΘf,calc is marked by a red line, with a shaded 95% confidence interval. 
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The expected flow structures in the annulus and the inner region of the cavity at a low 

and high Ro condition are illustrated in Fig. 11. The temperature profiles presented in Fig. 

11 are from the same cases as those used for the Θ and qd plots of Fig. 8. For Ro = 0.2, it 

is probable that there is a thin shear layer, across which heat is transferred from the Ekman 

layers to the throughflow. The hatched region under the bores of the cobs illustrates 

separation bubbles, where local heat transfer takes place. A rotationally-induced axial 

outflow is indicated by the red arrow from right to left, which must be compensated by a 

faster inflow of air near the inner radius. Coupled with the regions of slow-moving 

separated flow around the bores of the cobs, this can explain the weighting of mass flow 

towards the inner radius of the annulus.  

For the Ro = 0.8 case in Fig. 11b, the values of Θ at Rake A and B are very close to 

zero, meaning there is minimal heat transfer occurring upstream due to the greater inertia 

of the throughflow. There is evidence that at high Ro, a recirculation exists in the inner 

region of the cavity [5-7], which is also demonstrated by the asymmetric disc heat flux 

distributions in Fig. 8b. However, due to mass transfer between the throughflow and the 

cavity, this recirculation cannot be axisymmetric, but instead will be three-dimensional. 

Hot flow exiting from the cavity will likely form a separation bubble on the bore of the 

downstream cob. Evidence of this is demonstrated by the non-uniform temperature profile 

of Rake C, where a separation bubble would cause the mass flow downstream of the cavity 

to be weighted to the inner radius. This is consistent with the radial location at which 

ΔΘf,calc intersects the temperature distribution of Rake C in Fig. 11b. In an engine, the 

throughflow structure and swirl would be strongly affected by the upstream cavities. 

Here, where the inlet to the upstream cavity is sealed, there is little swirl and the upstream 

flow structure is therefore not fully representative of an engine. 
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Figure 11: Expected flow structures in the throughflow annulus and inner cavity 

region, with example temperature profiles at (a) Ro = 0.2 and (b) Ro = 0.8. Hatched 

lines denote regions of separated flow. Red line corresponds to ΔΘf,calc. Reϕ ~ 8x105, 

βΔTf ~ 0.27, Grf ~ 2x1011.  

 

The calculated temperature rise, ΔΘf,calc, can be directly compared to the measured 

temperature rise if an appropriate throughflow temperature is used. It is not helpful to use 

the mean temperature of Rake C, as – for the reasons stated above - the flow distribution 

is not uniform. For most cases, the non-dimensional temperature of the Rake C 

thermocouple at r/b′ ~ 0.228 (i.e. nearest to the shaft) is closest to ΔΘf,calc. Therefore, the 

temperature at this thermocouple is used as the basis for the measured non-dimensional 

temperature rise, ΔΘf,exp. 
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Figure 12 shows the effect of Ro on the variation of ΔΘf,calc with ΔΘf,exp, where the 

two values are broadly in agreement with each other across the range of Ro. For most cases, 

ΔΘf,exp is slightly overestimated, indicating that the mass flow is weighted between the 

chosen rake thermocouple and the shaft. For Ro = 0.8, the reverse is true – the mass flow 

is likely to be weighted radially outboard of r/b′ ~ 0.228. For all cases, it is shown that the 

heat transfer from the discs and shroud in the rotating cavity increases the temperature of 

the axial throughflow of air. These changes in temperature can be significant and may have 

implications on the cooling efficiency in downstream sections of the turbine, which should 

be taken into consideration by the engine designer. 

 

 

Figure 12: Comparison of the measured and calculated non-dimensional 

temperature rise in the throughflow annulus 
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5. CONCLUSIONS 

Steady-state disc and throughflow temperatures, as well as shroud heat flux 

measurements, were collected from the Bath Compressor-Cavity Rig over a range of the 

main non-dimensional parameters: 3.2x105 < Reϕ < 3.1x106; 0.10 < βΔTf < 0.28; 1.2x1010 

< Grf < 2.4x1012; 0.1 < Ro < 2.0.  

As calculating the heat transfer from the discs is an inverse conjugate problem, a 

Bayesian model was used, in conjunction with a circular fin equation for conduction in the 

discs, to calculate the radial distribution of the disc Nusselt numbers. The Nusselt numbers 

were corrected for radiation, which was between 5% and 10% of the measured heat flow 

from the shroud. The relationship between the shroud Nusselt numbers and the Grashof 

numbers was determined from direct heat flux measurements, using the Owen-Tang 

buoyancy model and the Bayesian model to estimate the core temperature adjacent to the 

shroud. The shroud heat transfer was consistent with free convection from a horizontal 

surface, and maximum likelihood estimation was used to fit a Rayleigh-Bénard equation 

to the experimental data. 

The temperature rise of the throughflow was calculated from a cavity heat transfer 

analysis, using measured and derived heat fluxes from the discs and shroud. The measured 

temperature rise, which was consistent with the heat flow from the rotating surfaces, 

showed that the throughflow distribution is weighted towards the inner radius. For the 

range of conditions tested, the respective relative contributions of heat flow from the discs 

and shroud were between 40% and 60%, while the contribution from the cob bores was 

less than 10%.  

The radial temperature profiles in the throughflow annulus were shown to be strongly 

dependent on Ro, which also influences the heat transfer in the inner region of the cavity. 
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At high Ro, recirculating, three-dimensional flow can occur in the inner region, leading to 

asymmetric disc heat transfer at low radius. At high rotational speeds, hot air can be 

transferred far upstream via a rotationally-induced axial outflow. 
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NOMENCLATURE 

a inner radius of disc [m] 

b outer radius of disc [m] 

b' radius of outermost thermocouple on disc diaphragm [m] 

cp specific heat capacity at constant pressure [J/kgK] 

dh hydraulic diameter (= 2(a-rs)) [m] 

hf disc heat transfer coefficient based on Tf (= qo/(To - Tf)) [W/m2K] 

href shroud heat transfer coefficient based on Tref (= qsh/(Tsh - Tref)) [W/m2K] 

k thermal conductivity of air [W/mK] 

ks thermal conductivity of disc [W/mK] 

L axial width of cob [m] 

ṁ axial throughflow mass flow rate [kg/s] 

N rotational speed of discs [rpm] 

q heat flux [W/m2] 
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Q̇ heat flow [W] 

r radius [m] 

rf shroud fillet radius [m] 

rs outer radius of shaft [m] 

s cavity width [m] 

t disc thickness [m] 

T temperature [K] 

u uncertainty 

vc core velocity relative to disc [m/s] 

V measured heat flux gauge voltage [V] 

W axial throughflow velocity [m/s] 

 thermal diffusivity [m2/s] 

β volume expansion coefficient [K-1] 

ρ density [kg/m3] 

μ dynamic viscosity [m2/s] 

 momentum diffusivity [m2/s] 

Ω angular velocity [rad/s] 

 

Dimensionless parameters 

Bi disc Biot number (=hfb/ks) 

Co Coriolis parameter (= 2
|vc|

Ωr
/β(To,b-To,c)) 

Grf Grashof number based on Tf (= Re
ϕ

2

βΔT) 

Grsh shroud Grashof number (= (s/2b)3 Re
ϕ

2

βΔTref) 

Nuf disc Nusselt number (=hf r/kf) 
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Nush shroud Nusselt number (=href (s/2)/kref) 

Pr Prandtl number (= / = 0.71) 

Ra Rayleigh number (= PrGr) 

Ro Rossby number (= W/Ωa) 

Rez axial Reynolds number (= ρfWdh/μf) 

Reϕ rotational Reynolds number (= ρfΩb2/μf) 

βΔTf buoyancy parameter based on Tf (= (To,b – Tf)/Tf) 

βΔTref buoyancy parameter based on Tref (= (To,b – Tref)/Tref) 

Θ non-dimensional temperature (= (T – Tf)/(To,b´ – Tf)) 

 

Subscripts 

c,1 value on upstream cob 

c,2 value on downstream cob 

d,1 value on upstream disc 

d,2 value on downstream disc 

b; b' value at r = b; value at r = b´ 

c value in fluid core 

calc calculated value 

exp experimentally derived value 

f inlet condition 

o value on disc surface 

ref reference value 

sh value on shroud surface 

ϕ,r,z circumferential, radial and axial direction 
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APPENDIX A: BUOYANCY MODEL 

The buoyancy model derived by Owen and Tang [15] assumed axisymmetric flow in 

the rotating cavities with an inviscid adiabatic compressible flow in the core between the 

Ekman layers on the discs. Solving the equations for the Ekman-layers and the 

compressible core, the Nusselt number for the discs, Nuc, based on the core 

temperature, was calculated using the equations given by: 

Nuc = 
1

2

xi
1/2

I1/4
Grc

1/4 [(θ - Co) (
ρ

c

ρ
c,b

)

2

x5]

1/3

 (A1) 

where x = r/b, and Nuc, Grc, θ, the integral I, the core temperature and density are given 

below. It should be noted that Nuf is the Nusselt number based on Tref, the air temperature 

of the axial throughflow measured upstream of the cavity. 

Nuc = Nuf

Θ

Θ - Θc

kref

kc

 (A2a) 

  

Grc = Grf

1 - Θc

Θ - Θc

Tref

Tc,b

νf
2

vc,b
2

 (A2b) 

  

θ = 
Θ - Θc

1 - Θc,b

 (A2c) 

  

I = ∫ x11/3 [(θ - Co) (
ρ

c

ρ
c,b

)

2

]

1/3

dx

1

xa

 (A2d) 
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ρ
c

ρ
c,b

= (
Tc

Tc,b

)

1/(γ-1)

 (A2e) 

Co, the Coriolis parameter, was assumed to be 0.03, the value used by Tang et al. [18].  

The other symbols are defined in the Nomenclature, and further details are given by Owen 

and Tang [15]. 

Calculation of the heat transfer in the discs is a conjugate problem: the Nusselt 

numbers depend on the disc temperature, which in turn depends on the Nusselt numbers. 

Equation (A1) is solved in conjunction with the numerical solution of the fin equation for 

the disc at ri < r < b, which is given by: 

d
2
Θ

dx2
 + 

1

x

dΘ

dx
 - 

Nuf

xτ

kref

ks

Θ = 0 (A3) 

where τ is the aspect ratio of the disc which is defined as: 

τ ≝ 
t

b
 (A4) 

(Note that the full thickness t is used in Eq. (A4) as the discs were insulated with Rohacell 

on one side; Tang and Owen [4] use the half-thickness, t/2, for the case where the disc was 

not insulated and symmetrical heat transfer was assumed.) The thermal conductivity, ks, of 

the titanium disc is given by Atkins and Kanjirakkd [23]. 

Equations (A1) and (A3) were coupled and solved iteratively to calculate the 

theoretical Nusselt numbers and disc temperatures. The core temperature at r = b, Tc,b, can 

be optimised after good agreement between the experimental and theoretical disc Nusselt 

numbers and temperatures are reached. 
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APPENDIX B: UNCERTAINTY ANALYSIS  

This section describes the analysis used to evaluate the uncertainty in the calculated 

temperature rise, u(ΔTf,calc). The uncertainty in the total heat flow, u(Q̇total) is first found by 

summing the individual uncertainties in quadrature: 

u(Q̇
total

)= √u (Q̇
d,1

)
2

+u (Q̇
d,2

)
2

+u(Q̇
sh

)
2
+u (Q̇

c,1
)

2

+u (Q̇
c,2

)
2

 (B1) 

This is based on Constant Odds Combination method of Moffat [24]. A summary of 

the 95% confidence intervals of the total heat flow, and the individual contributions, is 

given in Table B1. The typical range of uncertainties shown is equivalent to the range 

between the upper and lower quartiles.  

 

Table B1: Heat flow uncertainties (at the 95% confidence interval). 

 
Contribution Discs Shroud Cobs Total 

 
Uncertainty 

Equation 

√u (Q̇
d,1

)
2

+u (Q̇
d,2

)
2

Q̇
total

 

u(Q̇
sh

)

Q̇
total

 

√u (Q̇
c,1

)
2

+u (Q̇
c,2

)
2

Q̇
total

 

𝑢(Q̇
total

)

Q̇
total

 

 
Typical range  ±6 - ±9% ±2 – ±3% ±3 - ±7% ±7 - ±12% 

 

The uncertainty in the calculated temperature rise, u(ΔTf,calc), is then found from: 

u(∆T,f,calc)= √[
u(Q̇

total
)

ṁcp

]

2

+ [
Q̇

total
u(ṁ)

ṁ
2
cp

]

2

 (B2) 

The corresponding uncertainty in ΔTf,calc, and the contributions towards it, are given in 

Table B2. The uncertainty in cp is negligible in comparison with the total uncertainty and 

is not included here. 
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Table B2: Uncertainty in the calculated temperature rise and its contributions (at 

the 95% confidence interval). 

 
Contribution Heat Flow Mass Flow Total 

 Uncertainty 

Equation 

u(Q̇
total

) ṁcp⁄

∆T,f,calc

 
Q̇

total
u(ṁ) ṁ

2
cp⁄

∆T,f,calc

 

𝑢(∆T,f,calc)

∆T,f,calc

 

 
Typical range  ±7 - ±12% ±0.5 - ±2% ±7 - ±12% 

 

Temperature Measurement Uncertainty 

The uncertainties of the rotating and stationary temperature measurements are 

described by a standard deviation of ± 0.5 °C and ± 0.3 °C, respectively. These values 

consider the random and systematic uncertainties from the point of measurement to 

acquisition. Individual uncertainties are summed together in quadrature using the Constant 

Odds Combination method referenced above. These sources of uncertainty are described 

in more detail by Luberti et al. [3]; a summary is provided here.   

Uncertainties associated with thermocouple calibration are common between both 

rotating and stationary measurements. All thermocouples were made from the same 

batches of chromel and alumel; a batch was calibrated in a water bath up to 100 oC and 

the standard deviation of the NIST standard was ± 0.1 oC. Combined with the random 

uncertainty from the acquisition system for the stationary temperature measurements, 

this resulted in a standard deviation of ± 0.3 °C. Additional sources of uncertainty 

associated with the radio telemetry unit (i.e. calibration constants and random error in the 

wireless transmission) resulted in a standard deviation of ± 0.5 °C for the rotating 

temperature measurements.   

The thermal-disturbance error was also considered for these rotating temperature 

measurements. This is the difference between the undisturbed surface temperature and 
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the temperature measured by the embedded thermocouple bead. (See [3] for further 

details on the finite-element analysis that was used to estimate the magnitude of this error.) 

The maximum error was found to be < 0.25 C, which is less than the uncertainty of the 

temperature measurement.  

Although the uncertainty in individual rotating thermocouple measurements can be 

estimated, it is more meaningful to consider the uncertainty in the disc tempertures 

calculated from the Bayesian model. The radial distribution of disc temperatures and the 

95% confidence interval obtained from the Bayesian model are show in Fig. 8a. 

 

FIGURE CAPTIONS 

Fig 1:  A cross-section through a modern high pressure aero-engine compressor. Rotating 

components are shaded grey. Adapted from [1]. 

Fig 2:  The flow structures in a rotating compressor cavity at high Ro conditions. 

Fig 3:  The experimental rig showing a section view of the disc drum. The central cavity 

test section is shaded black. 

Fig 4:  Cross-section of the central cavity and the throughflow annulus, showing disc and 

rake thermocouple locations, and the heat flux gauge on the shroud. The main 

dimensions are given in millimetres. 

Fig 5:  Comparison between the predicted and measured surface-averaged values of (a) 

Θ and (b) Nuf for r/b > 0.7 and Ro < 0.8 

Fig 6:  Measured variation of Nush with Grsh 

Fig 7:  Control volume showing the various heat flows; the boundaries are marked by red 

vertical dashed lines in the throughflow annulus. 
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Fig 8:  Radial distribution of (a) Θ and (b) qd calculated from the Bayesian model for two 

cases at Ro = 0.2 (black) and Ro = 0.8 (red). Reϕ ~ 8x105, Grf ~ 2x1011. The 

inset figure in (a) shows a magnified portion of the curves. 

Fig 9:  Proportion of total heat flow through the discs, shroud and bore of the cobs. Ro = 

[0.4, 0.5]. 

Fig 10:  Radial throughflow temperature distributions. Left, Ro = 0.1; right, Ro = 0.2. For 

(a), (b) Reϕ ~ 1.6x106; (c), (d) Reϕ ~ 2.4x106; (e), (f) Reϕ ~ 3.1x106. βΔTf = 

[0.24, 0.28]. ΔΘf,calc is marked by a red line, with a shaded 95% confidence 

interval. 

Fig 11:  Expected flow structures in the throughflow annulus and inner cavity region, with 

example temperature profiles at (a) Ro = 0.2 and (b) Ro = 0.8. Hatched lines 

denote regions of separated flow. Red line corresponds to ΔΘf,calc. Reϕ ~ 8x105, 

βΔTf ~ 0.27, Grf ~ 2x1011. 

Fig 12:  Comparison of the measured and calculated non-dimensional temperature rise in 

the throughflow annulus 

 

TABLE CAPTIONS 

Table 1:  Shroud heat transfer correlations and the methods to obtain them 

Table 2a:  Dimensional experimental parameter ranges. 

Table 2b:  Non-dimensional experimental parameter ranges. 

Table B1:  Heat flow uncertainties (at the 95% confidence interval). 

Table B2:  Uncertainty in the calculated temperature rise and its contributions (at the 95% 

confidence interval). 

 


