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ABSTRACT 
This thesis investigates the flow characteristics within the compressor well cavity, a 
region located beneath the shrouded compressor stator. The cavity significantly 
influences both aerodynamic performance and the operation of the thermal and 
secondary air systems. Excessive leakage flow into the cavity degrades aerodynamic 
performance and increases windage power loss. Conversely, insufficient flow can 
result in elevated air temperatures exceeding material limits. Consequently, precise 
control of leakage flow rate is crucial for optimizing gas turbine engine efficiency. 
First, experimental test data from the literature is utilized. The test case geometry is 
employed to understand flow behaviour within the compressor well cavity with 
varying inlet swirl ratio and turbulent flow parameter. The entire cavity is divided into 
three subcavities: the upstream cavity, the seal cavity, and the downstream cavity. Swirl 
ratio values are calculated for each cavity by implementing angular momentum 
conservation. It is observed that majority of the rotor torque originates from the 
upstream cavity. Moreover, for low inlet swirl ratio cases, which realistically represent 
stator exit swirl ratios, swirl ratio decreases with increasing turbulent flow parameter 
due to low momentum of the leakage air and rotor torques are predominant 
with	(1 − 𝑋𝑘)!.#$. 
Also, test data is used to validate Computational Fluid Dynamics method by 
comparing it with experimental results. Alongside the CFD results, the results of Flow 
Simulator, a 1D solver program similar to that described in Chapter 2, are presented. 
Overall, both CFD and Flow Simulator effectively capture flow characteristics 
consistent with experimental data. A mesh dependency study is conducted for the case 
with the highest rotational speed and pressure ratio. 
Finally, a generic stator well case is selected to analyze flow parameters at three 
different power settings of the engine. Additionally, three different clearances for the 
highest power/thrust condition is examined to investigate clearance effect on the flow 
parameters within stator well. It is observed that upstream cavity is the main 
responsible for the windage heating, approximately %45. Rotor torques dominates 
within the upstream cavity. The radial distribution of the rotor torque sheds light into 
the possibility of reducing windage power by enhancing swirl ratio beyond the nominal 
geometrical features. 
 

 
 

 
 

 
 

 
 

 
Keywords: Compressor Well Cavity, Rotor-Stator Cavity, Windage Heating, 
Labyrinth Seal, Computational Fluid Dynamics (CFD) 
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ÖZET 
Bu tez, örtülü (shrouded) kompresör statorunun altında bulunan bXr bölge olan 
kompresör kuyusu boşluğu XçXndekX akış özellXklerXnX araştırmaktadır. Boşluk hem 
aerodXnamXk performansı hem de termal ve XkXncXl hava sXstemlerXnXn çalışmasını 
önemlX ölçüde etkXlemektedXr. Boşluğa aşırı sızıntı akışı aerodXnamXk performansı 
düşürür ve rüzgar gücü kaybını (wXndage power loss) artırır. TersXne, yetersXz akış 
malzeme sınırlarını aşan yüksek hava sıcaklıklarına neden olabXlXr. Sonuç olarak, gaz 
türbXnX motor verXmlXlXğXnX optXmXze etmek XçXn kaçak akış oranının hassas kontrolü 
çok önemlXdXr. 
İlk olarak, lXteratürdekX deneysel test verXlerXnden yararlanılmıştır. Test geometrXsX, 
değXşen gXrXş gXrdap oranı (swXrl ratXo) ve türbülanslı akış parametresX Xle kompresör 
kuyusu boşluğu XçXndekX akış davranışını anlamak XçXn kullanılır. Tüm boşluk üç alt 
boşluğa bölünmüştür: yukarı (upstream) akış boşluğu, sızdırmazlık (seal) boşluğu ve 
aşağı (downstream) akış boşluğu. Her bXr boşluk XçXn gXrdap oranı değerlerX açısal 
momentum korunumu uygulanarak hesaplanmıştır. Rotor torkunun büyük kısmının 
yukarı akış boşluğundan kaynaklandığı gözlemlenmXştXr. Ayrıca, stator çıkış gXrdap 
oranlarını gerçekçX bXr şekXlde temsXl eden düşük gXrXş gXrdap oranı durumları XçXn, 
türbülanslı akış parametresXnXn artmasıyla gXrdap oranı azalır, çünkü kaçak havanın 
momentumu düşüktür ve rotor torkları	(1 − 𝑋𝑘)!.#$ Xle baskındır. 
Ayrıca, Hesaplamalı Akışkanlar DXnamXğX (HAD) yöntemXnX deney sonuçlarıyla 
karşılaştırarak doğrulamak XçXn deneysel bXr test vakası seçXlmXştXr. CFD sonuçlarının 
yanı sıra, Bölüm 2'de açıklanana benzer bXr 1B çözücü programı olan Flow 
SXmulator'ın sonuçları da sunulmuştur. Genel olarak, hem HAD hem de Flow 
SXmulator’ı deneysel verXlerle tutarlı sonuçlar vermektedXr. En yüksek dönme hızı ve 
basınç oranına sahXp durum XçXn bXr ağ bağımlılığı çalışması yapılmıştır. 
Son olarak, motorun üç farklı güç ayarında akış parametrelerXnX analXz etmek XçXn genel 
bXr stator kuyusu seçXlmXştXr. Ayrıca, stator kuyusu XçXndekX akış parametrelerX 
üzerXndekX conta boşluğu etkXsXnX araştırmak XçXn en yüksek güç/XtkX koşulu XçXn üç 
farklı boşluk XncelenmXştXr. Yukarı akış boşluğunun, yaklaşık %45'lXk bXr oranla 
rüzgarlama etkXsXnden ana sorumlu olduğu gözlemlenmXştXr. Rotor torkları yukarı akış 
boşluğu XçXnde baskındır. Rotor torkunun radyal dağılımı, nomXnal geometrXk 
özellXklerXn ötesXnde gXrdap oranını artırarak rüzgar gücünü azaltma olasılığına ışık 
tutmaktadır. 
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1. INTRODUCTION 

Gas turbXne engXnes have been developed through centurXes and remarkable Xncrease 

Xn the effXcXencXes of compressors and turbXnes have been achXeved. In today's 

multXstage core compressors are desXgned to have hXgh effXcXency values reachXng 

beyond %92 polytropXc effXcXency. However, because of the fact that XncreasXng cost 

of the fuel and XncreasXng of the envXronmental concerns, engXnes wXth low specXfXc 

fuel consumptXon Xs hXghly preferred by aXrplane companXes, whXch necessXtates further 

advancements Xn gas turbXne technology. As further advancements Xn compressor 

aerodynamXc desXgn encounter escalatXng complexXty, comprehensXve understandXng 

and mXtXgatXon of secondary losses such as rotor blade tXp leakages and seal leakages 

assume paramount Xmportance.  

1.1. Problem DefKnKtKon 

Effects of the blade tXp leakages on the compressor effXcXency, stall margXn and the 

pressure rXse have been XnvestXgated by numerous researchers up to date. In general, 

Xnterested tXp clearance ratXos to span heXght Xs around %3. For each 0.01 Xncrease Xn 

the clearance-to-span ratXo, compressor effXcXency typXcally experXences a 1.5 

percentage poXnt reductXon [1]. Moore and Obsorn [2] XnvestXgated varXous tXp 

clearance ranged from 0.061 to 0.178 centXmeter. It was found that stall margXn 

decreased from 15 percent to 3 percent, as tXp clearance Xncreased to 0.102 centXmeter 

from 0.061. Further Xncrease Xn tXp clearance to 0.178 centXmeter resulted Xn a complete 

stall margXn loss (0%). WXsler [3] XnvestXgated experXmentally two dXfferent ratXo of the 

blade tXp clearance to span heXght, %1.36 and %2.8. It ended up wXth a decrease Xn 

peak effXcXency by 1.5 poXnts, a decrease Xn stallXng flow coeffXcXent by %11, XndXcatXng 

a smaller flow range before the compressor stalls, and a decrease Xn peak pressure rXse 

by 9.7%. 

The desXgn of compressor stator vanes hXnges upon two dXstXnct confXguratXons: 

cantXlevered and shrouded. CantXlevered vanes comes Xnto promXnence Xn terms of 

manufacturXng effXcXency, facXlXtated assembly, and mXnXmXzed maXntenance burdens. 

AddXtXonally, theXr contXnuous Xnner annulus lXne offers aerodynamXc benefXts. 

However, the necessXty of substantXal clearances between the vanes and the casXng to 
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preclude contact leads to a precXpXtous declXne Xn effXcXency as tXp clearance expands. 

Conversely, shrouded vanes demonstrate superXor vXbratXonal dampXng and are 

generally recognXzed to achXeve superXor aerodynamXc effXcXency. ThXs advantage 

arXses from the Xnherent challenges assocXated wXth effectXvely mXtXgatXng tXp leakage 

Xn cantXlevered desXgns [4].  

Furthermore, when employXng a shrouded stator desXgn, a dedXcated cavXty forms 

beneath the stator vane, desXgnated as the stator well. ThXs cavXty necessXtates the 

XmplementatXon of labyrXnth seals, XncorporatXng eXther abradable lXnXngs or 

honeycomb structures. These seals functXon to Xmpede the mXgratXon of aXr from the 

downstream sXde of the vane to the upstream sXde, drXven by the exXstXng statXc pressure 

dXfferentXal. The level of leakage flow Xs dXrectly correlated wXth the labyrXnth seal's 

clearance value.  

The accountXng of leakage flows durXng the early stages of compressor desXgn Xs 

paramount. NeglectXng thXs crucXal aspect leads to an overestXmatXon of the 

compressor's actual effXcXency, potentXally resultXng Xn sXgnXfXcant performance 

dXscrepancXes and downstream operatXonal shortcomXngs. IntegratXng leakage flow 

analysXs early Xn the desXgn process allows for the fXne-tunXng of key parameters lXke 

clearance tolerances, seal confXguratXons, and flow path geometry. ThXs ultXmately 

promotes the attaXnment of a more realXstXc and achXevable effXcXency target. 

1.2. AerodynamKc PerspectKve 

Research on stator well flows and temperatures can be broadly categorXzed Xnto two 

maXn areas based on theXr prXmary objectXves. The fXrst area, aerodynamXc objectXves, 

delves Xnto the Xmpact of the stator well on the flow behavXor wXthXn the compressor 

annulus. ThXs research Xs partXcularly Xnterested Xn how the presence of the stator well 

Xnfluences the overall effXcXency of the compressor. A key area of focus wXthXn thXs 

domaXn Xs the XnteractXon between the aXrflow exXtXng the front cavXty of the stator well 

and the maXn annulus flow. Researchers Xn thXs fXeld aXm to understand how thXs 

XnteractXon dXsrupts or "spoXls" the overall flow pattern wXthXn the compressor, 

potentXally leadXng to performance losses. The second major research area lXes wXthXn 

the domaXn of aXr system and thermo-mechanXcal studXes. ThXs domaXn focuses on the 

aXr temperature rXse Xn the cavXty due to wXndage effect, local thermal condXtXons wXthXn 
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the stator well, specXfXcally the temperatures experXenced by the component. 

Researchers here are partXcularly Xnterested Xn the heat transfer that occurs at the 

surface between the stator well and the dXsc rXms. UnderstandXng these two parameters 

Xs crucXal for optXmXzXng both materXal selectXon and stress analysXs of components 

located near the stator wells. ThXs optXmXzatXon ultXmately aXms to ensure the structural 

XntegrXty and longevXty of these components under demandXng operatXng condXtXons. 

AxXal compressors utXlXze shrouded stator vanes that are Xnterposed between a dual-

rXng assemblXes. The outer rXng serves as a fXxed attachment poXnt to the compressor 

housXng. Conversely, the Xnner rXng provXdes the necessary anchorXng poXnts for the 

stator vanes. Due to the rotor blades resXdXng wXthXn desXgnated grooves on the rotor 

dXsks, the rotor shaft must Xncorporate a cavXty between adjacent dXsks to house the 

Xnner rXng. ThXs cavXty, partXcularly crXtXcal Xn hXgh-speed compressors, fulfXlls a vXtal 

functXon: Xt establXshes a precXse clearance between the hXgh-speed rotatXng rotor and 

the statXonary Xnner rXng, also known as the landXng. ThXs clearance plays a crucXal role 

Xn ensurXng the operatXonal stabXlXty of the stator vanes. TypXcal stator well cavXty Xs 

shown Xn FXgure 1.1. leakage flow travels radXally Xnward, adherXng to stator wall. 

Some portXon Xs pumped radXally outward on rotor surface. Before the labyrXnth seal, 

another small cXrculatXon zone occurs due to abrupt turnXng of the flow, whXch Xncreases 

sealXng performance. As travellXng the labyrXnth seal, flow experXences pressure loss, 

mXnXmXzXng leakage flow. Flow Xs pumped radXally outward on rotor surface at 

downstream cavXty and some portXon of aXr moves stator surface, generatXng another 

cXrculatXng flow pattern.  
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Figure 1.1: Generic Stator Well Cavity Flow Field Features. 

 

Although frXctXonal losses wXthXn a stator cause a decrease Xn total pressure, statXc 

pressure actually experXences an Xncrease. ThXs phenomenon occurs as the stator acts 

to decelerate the hXgh-swXrl aXrflow exXtXng the rotor, thereby reducXng Xts rotatXonal 

component (swXrl). ThXs rXse Xn statXc pressure establXshes a pressure-drXven flow path 

wXthXn the cavXty of the rotor shaft. ThXs secondary flow path operates Xn the opposXte 

dXrectXon of the maXn aXrflow through the compressor.  

MXnXmXzXng leakage flow through the rotor cavXty Xs paramount for the aerodynamXc 

research communXty due to Xts detrXmental effects on compressor performance. 

Leakage flow represents a departure from the Xdeal flow path wXthXn the compressor, 

essentXally spoXlXng the stator hub flow. ThXs "spoXlXng" dXsrupts the organXzed flow 

pattern establXshed by the stator vanes Xn two key ways. FXrstly, the leakage flow 

typXcally possesses a lower angular momentum compared to the maXn flowpath stream. 

As these flows merge, the leakage flow Xnduces negatXve XncXdences on the stator 

leadXng edge. ThXs negatXve XncXdence dXsrupts the smooth flow transXtXon over the 

vane, resultXng Xn a thXckenXng of the boundary layer on the pressure sXde of the vane. 

Secondly, the presence of leakage flow can exacerbate an exXstXng flow phenomenon 
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known as the horseshoe vortex. ThXs vortex naturally forms on the pressure sXde of the 

stator vane regardless of leakage flow. However, the "spoXlXng effect" of the leakage 

flow contrXbutes to the growth of thXs horseshoe vortex. AddXtXonally, the low pressure 

on the suctXon sXde of the vane can cause thXs secondary flow structure to mXgrate 

towards that sXde. The combXned effects of a thXckened boundary layer and a larger 

horseshoe vortex lead to an Xncrease Xn both stator losses and annulus blockage. These 

phenomena have a sXgnXfXcant negatXve Xmpact on the overall aerodynamXc 

performance of the compressor, reducXng effXcXency and potentXally leadXng to 

performance degradatXon.  

In a 2002 study, typXcal dXmensXons and parameter ranges assocXated wXth compressor 

stator well are categorXzed by LewXs [4], and Xt Xs shown Xn Table 1. WhXle these values 

are specXfXc to the data presented Xn the study, they nonetheless offer valuable XnsXghts 

Xnto the crXtXcal parameters governXng the compressor stator well domaXn. These 

dXmensXons are defXned Xn FXgure 1.2. 

 
Table 1.1: Typical Dimensions and Parameter Ranges [4]. 

Parameter Typical Range 

Annulus Passage Height 25 to 60 mm 

Hub Radius (from centerline) 250 to 330 mm 

Annulus flow 100 to 150 kg/sec 

Seal Flow (as proportion of annulus flow) %0.1 to %0.4 

Seal Clearance (as proportion of span height) %0.3 to %2.0 

Stator Well Depth 20 to 25 mm 

Rotational speed of the rotor 10000 to 13000 rpm 

Hub Static pressure in annulus 7 to 27 Mpa 

Total air temperature in annulus 550 to 900K 

Hub swirl velocity fraction at stator inlet 0.50 to 0.60 

Hub swirl velocity fraction at stator exit 0.05 to 0.08 
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Figure 1.2: Typical cavity parameters. 

 

As mentXoned before, one of the central focus of thXs XnvestXgatXon Xs the Xnfluence of 

cavXtXes on the characterXstXcs of the prXmary aXrflow and the overall aerodynamXc 

effXcXency of the compressor. DrXven by competXtXve pressures wXthXn the gas turbXne 

Xndustry, axXal compressors are contXnuously pushed towards hXgher pressure ratXos and 

rotor drum speeds. ThXs pursuXt, however, leads to Xncreased leakage flow rates and the 

emergence of unfavorable flow condXtXons. As such, a profound understandXng of 

cavXty behavXor becomes essentXal to mXnXmXze theXr detrXmental effects on the 

aerodynamXc performance of the axXal compressor. 

An experXmental XnvestXgatXon by Wellborn and OkXXshX [5] conducted a low-speed 

multXstage axXal compressor to evaluate the Xmpact of shrouded stator cavXty flows on 

compressor aerodynamXc performance. AccordXng to authors, XncreasXng the seal-tooth 

clearance-to-span ratXo (seal clearance to annulus passage heXght Xn FXgure 1.2) by 1% 

has a demonstrated detrXmental effect on compressor performance. TheXr data XndXcates 

a 1 poXnt reductXon Xn performance and a 3% decrease Xn the pressure rXse. Wellborn 

and OkXXshX [5] explaXned that performance degradatXon of the compressor due to 

Xncreased leakage flow wXth two dXstXnct ways. FXrstly, a rXse Xn seal-tooth leakage 

dXrectly degrades the near-hub performance of the stator row where Xt occurs. ThXs 
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addXtXonal workXng fluXd generates Xncreased flow blockage, devXatXon, and total 

pressure loss near the stator hub endwall. ThXs addXtXonal blockage forces the aXrflow 

Xn a radXal dXrectXon towards the shroud, thereby reducXng the aerodynamXc loadXng on 

a sXgnXfXcant spanwXse portXon of the stator. Secondly, the altered flow condXtXons 

exXtXng the stator due to Xncreased leakage XmpaXr the performance of the next 

downstream stage. ThXs occurs by decreasXng the work Xnput of the downstream rotor 

and XncreasXng the total pressure loss of the downstream stator. These effects contrXbute 

to a cumulatXve performance degradatXon for each subsequent stage Xn the compressor. 

Also, Kamdar et al. [6]  showed that XncreasXng seal clearance wXthXn the stator well 

caused degradatXon of the compressor performance and total pressure ratXo. It Xs stated 

0.5 poXnt Xncrease Xn effXcXency penalty and 0.6 percent Xncrease Xn total pressure rXse 

Xncrease are observed for every 1-percent Xncrease Xn ratXo of labyrXnth seal clearance 

to stator span. 

Demargne and Longley [7] performed experXments on a lXnear cascade Xn whXch 

leakage mass flow and tangentXal velocXty are controlled Xndependently Xn order to 

XnvestXgate the XnteractXon of the stator shroud leakage wXth maXnstream flow. TheXr 

experXmental results confXrm the adverse Xnfluence of XncreasXng leakage mass flow 

rate, but also unequXvocally demonstrate that XncreasXng cavXty tangentXal velocXty 

enhances the aerodynamXc performance of the blade row, whXch leads to performance 

of the compressor largely XnsensXtXve to the amount of the leakage flow. The research 

also XdentXfXed rotatXonal speed as another parameter XnfluencXng the cXrcumferentXal 

velocXty of the leakage flow. An Xncrease Xn rotatXonal speed resulted Xn a correspondXng 

Xncrease Xn cXrcumferentXal velocXty, suggestXng that cavXty flows at part-speed mXght 

dXffer from those near desXgn speed. More Xmportantly, the data XndXcated that the 

change Xn cXrcumferentXal velocXty decreased as the dXscharge flow angles Xncreased. 

Therefore, the maXn parameters concluded to be dXctatXng the XnteractXon of cavXty 

leakage and prXmary flows are the leakage mass flow rate and cXrcumferentXal velocXty 

of the leakage flow. 

HeXdegger et al. [8] sXmulated the seal cavXty flow. TheXr study showed that leakage 

flow rate through a compressor seal cavXty sXgnXfXcantly Xmpacts the flow profXle at the 

stator blade. The study found that XncreasXng the sXze of the gap or removXng the seal 

entXrely led to a rXse Xn leakage flow (up to 3.56% of the maXn passage mass flow).  

ThXs leakage flow accelerated rapXdly wXthXn the cavXty, reachXng over two-thXrds of Xts 
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fXnal exXt tangentXal velocXty by -15% stator span Xn the downstream cavXty trench. ThXs 

rapXd acceleratXon resulted Xn a fXnal tangentXal velocXty of approxXmately 75% of the 

hub wheel speed.  The hXgh tangentXal velocXty of the leakage flow exXtXng the cavXty 

caused Xncreased wXndage and a hXgher total temperature. AddXtXonally, the leakage 

flow's hXgh tangentXal momentum resulted Xn a 20-degree Xncrease Xn flow XncXdence 

near the hub compared to the mXd-span, leadXng to flow separatXon on the stator blade's 

suctXon surface.  The authors emphasXze that the XnjectXon of hXgh tangentXal 

momentum leakage flow must be consXdered durXng compressor desXgn, wXth 

correctXve measures focused on the stator blade desXgn rather than the seal cavXty Xtself. 

Moreover, a study by Kamdar et al. [6] found that XncreasXng the ratXo of the seal 

clearance to span leads an Xncrease near-hub XncXdence, whXch causes the Xncrease Xn 

the possXbXlXty of the hub corner separatXon. Yet, they found that hub leakage flow has 

a mXnor effect on the stator dXffusXon factor. It Xs stated that whXlst there Xs an Xncrease 

Xn dXffusXon factor wXthXn the %10 span, a decrease Xn the dXffusXon factor are observed 

for the rest of the passage.  

UnderstandXng the flow structure of the seal cavXty Xs also crucXal Xn order to mXnXmXze 

negatXve effects of the leakage flow on the stator performance at near the hub. Research 

consXstently shows swXrlXng flow patterns (vortXces) exXst wXthXn compressor seal 

cavXtXes.  A study by Wellborn [9] found these vortXcal flow structures near the cavXty's 

entrance and exXt, wXth most fluXd movement happenXng close to the downstream sXdes 

of these areas.  Another XnvestXgatXon by HeXdegger et al. [8] showed that cavXty 

vortXcal flow structures cause blockage near the hub, pushXng the flow profXles hXgher, 

especXally at the leadXng edge for hXgh leakage scenarXos. Demargne and Longley [7] 

observed sXmXlar swXrlXng flow patterns Xn theXr experXment on a lXnear cascade at low 

leakage rates. InterestXngly, these vortXcal flow structures vanXshed at leakage rates 

exceedXng 0.66%, and the researchers suggested they play a crucXal role Xn how fluXds 

and flow propertXes exchange between the cavXty and the maXn flow path when leakage 

Xs low. Also, Xn theXr sXmulatXon, Kamdar et al. [6] found that even the blockage area 

near the hub of the stator Xncreases as the leakage flow rate Xncreases, they observed 

mXnXmum hub corner separatXon for two cases whXch the leakage flows are not 

mXnXmum. So, they concluded that there Xs an optXmum clearance of the labyrXnth seal 

wXthXn the compressor well to reduce and optXmXze flow blockage, whXch may not be 

the case of zero leakage flow rate. 
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1.2. Thermo-MechanKcal and Secondary AKr System (SAS) 

PerspectKve 

However, the aXr system communXty emphasXzes the potentXal for excessXve 

temperature rXse wXthXn the cavXty due to wXndage. To reconcXle these competXng 

objectXves, a labyrXnth seal Xs strategXcally posXtXoned between the rotatXng shaft and 

the statXonary Xnner rXng (landXng) of the compressor. ThXs seal plays a crucXal role Xn 

achXevXng a delXcate balance. It aXms to mXnXmXze leakage flow, as desXred by the 

aerodynamXc communXty, whXle sXmultaneously permXttXng a controlled amount of 

aXrflow to mXtXgate wXndage heatXng, as emphasXzed by the aXr system communXty. 

The labyrXnth seal features radXally protrudXng teeth that extend outwards from the 

rotor shaft towards the landXng. However, to prevent catastrophXc faXlure or damage, 

these teeth must maXntaXn a specXfXc clearance from the landXng. ThXs clearance allows 

for a certaXn degree of recXrculatXon wXthXn the cavXty, opposXng the prXmary flow. A 

dXstXnguXshXng characterXstXc of compressor stator labyrXnth seals compared to 

conventXonal desXgns Xs the presence of Xnlet and outlet cavXtXes (wells) formed by the 

rotor and stator dXsks, along wXth extended rotatXng walls. The flow structure, swXrl 

patterns, and wXndage heatXng wXthXn these stator wells play a sXgnXfXcant role Xn 

XnfluencXng the leakage characterXstXcs of the labyrXnth seal.  

Leakage flow orXgXnatXng from the downstream regXon of the stator vane exhXbXts a low 

swXrl characterXstXc. As thXs flow travels radXally Xnwards, Xt adheres to the stator wall. 

ThXs phenomenon, combXned wXth the rotatXng dXsk on the rotor sXde, establXshes a dXsk-

pumpXng flow pattern, whXch Xmparts addXtXonal angular momentum to the leakage 

flow. It Xs noteworthy that only a portXon of the cXrculatXng flow wXthXn the rear sectXon 

of the stator well actually penetrates the labyrXnth seal. As the leakage flow traverses 

the labyrXnth seal, Xt experXences a further Xncrease Xn angular momentum due to the 

frXctXonal XnteractXon wXthXn seal passages.  Upon exXtXng the seal, the flow path 

undergoes a reversal, wXth the leakage flow travellXng outwards on the rotor sXde. ThXs 

outward flow ultXmately merges wXth the maXn flow path upstream of the stator vane. 

The confluence of the leakage flow wXth the maXn flow path Xntroduces an addXtXonal 

layer of complexXty. On the stator sXde, the leakage flow Xnduces entraXnment of fluXd 

from the maXn flow, creatXng a dXstXnct cXrculatXng flow pattern. ThXs XnteractXon 

between the flows also leads to a reductXon Xn the swXrl ratXo wXthXn the downstream 
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cavXty, as the leakage flow rejoXns the maXn flow at a hXgher radXal posXtXon. 

Furthermore, throughout Xts entXre cXrcuXtous path, the leakage flow experXences 

"wXndage heatXng". ThXs phenomenon refers to the transfer of energy from the hXgh-

speed rotatXng components, such as the upstream and downstream cavXtXes and the 

labyrXnth seal Xtself, due to frXctXonal XnteractXon. ThXs wXndage transfer represents a 

parasXtXc loss, as the energy extracted from the rotatXng components Xs not utXlXzed for 

the core functXon of the compressor, whXch Xs to Xncrease the pressure of the workXng 

fluXd. The cumulatXve effect of these phenomena assocXated wXth stator leakage flow 

manXfests as a reductXon Xn overall compressor effXcXency. The energy Xmparted to the 

leakage flow through dXsk-pumpXng and wXndage transfer, along wXth the flow 

dXsruptXons caused by entraXnment, all contrXbute to a decrease Xn the usable work done 

by the compressor on the workXng fluXd. 

A dXstXnguXshXng characterXstXc of compressor stator labyrXnth seals, compared to 

conventXonal labyrXnth seals, lXes Xn the presence of dedXcated Xnlet and outlet rotor-

stator dXsc cavXtXes (wells) and extended rotatXng walls. The XntrXcate flow structure, 

XncludXng the development of swXrl patterns and the generatXon of wXndage heatXng 

wXthXn these stator wells, exerts a sXgnXfXcant Xnfluence on the leakage characterXstXcs 

of the labyrXnth seal. The XnteractXon of the compressor well cavXty wXth the prXmary 

flow, the cavXty's Xnternal flow structure, wXndage heatXng phenomena, and the re-

XngestXon of hot fluXd back Xnto the maXnstream aXrflow constXtute a crXtXcal area of 

XnvestXgatXon.   

In addXtXon to the Xmportance of the effects of the compressor seal cavXty on the 

aerodynamXc performance of the compressor, the rXsXng temperature of leakage flow 

wXthXn the cavXty presents sXgnXfXcant consequences for the secondary aXr system and 

thermal-mechanXcal aspects of the compressor. The tangentXal velocXty of the flow 

XnsXde the cavXty reaches a fractXon of the rotor wheel speed. Because of thXs dXfference, 

shear work done on the leakage flow that causes the temperature Xncrease, known as 

wXndage heatXng, of the flow XnsXde the cavXty. The detaXls of thXs phenomena wXll be 

presented Xn the next chapters. Temperature Xncrease should be lXmXted Xn order not to 

decrease the lXfe of the materXal and to use economXc materXals for the dXsc of the rotor 

and shroud of the stator. To mXtXgate the effects of wXndage heatXng and maXntaXn 

suXtable materXals for the rotor dXsc and stator shroud, controlled leakage of maXnstream 

aXr Xnto the cavXty should be allowed. 
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In the second part of the theXr study Kamdar et al. [10] showed that total temperature 

rXse and tangentXal velocXty of the leakage aXr affected by the seal clearance, the sXze of 

vortXcal flow structures, and aXr flowpath (along the stator surface and pumpXng Xn rotor 

surface), where these parameters are also Xnterdependent. Moreover, they found that 

even the total temperature rXse wXthXn the stator well Xncreases as the flow rate 

decreases wXth decreasXng seal clearance, overall wXndage heatXng decreases, whXch 

hXghlXght that mass flow rate domXnates the wXndage heatXng sXnce the cXrcumferentXal 

velocXty of the aXr Xncreases (decrease Xn velocXty dXfference between aXr and rotor 

surface) as flow rate Xncreases and thXs cause reductXon on the shear work done by the 

rotor surface to leakage aXr. 

Ozturk et al. [11] made 3D computatXonal studXes to XnvestXgate the leakage flow and 

wXndage heatXng XnsXde the compressor stator well cavXty. TheXr XnvestXgatXon focused 

on temperature rXse at varXous radXal and axXal locatXons. The study revealed that after 

XngestXon of the flow Xnto the cavXty, flow starts to be heated.  Moreover, the hXghest 

temperature were observed at rotor surface. Also for all regXons, downstream cavXty, 

labyrXnth seal and upstream cavXty, the hXghest temperatures on the rotor surface were 

seen on the Xnner radXus of the rotor, whXch XndXcates that the most crXtXcal component 

of the stator well Xs the Xnner radXus of the rotor. One other fXndXngs of theXr study Xs 

that temperature of the flow Xncreases as passes through the throttlXng regXons of the 

seal, and temperature decreases afterwards, whXch XndXcates that tXp of the labyrXnth 

seal teeth are subjected to heatXng and thermal stresses. Moreover, authors modXfXed 

the cavXty Xn order to restrXct the flowpath and reduce the leakage mass flow wXthout 

changXng the seal clearance. A cXrcumferentXal rXng added to the downstream rotor dXsc 

wXthXn the compressor stator well cavXty. The results showed a %9 decrease Xn both 

mass flow through the labyrXnth seal and wXndage heatXng wXthXn the system. The 

authors explaXn the mechanXsm behXnd the reduced flow and heatXng. The rXng 

placement lowers the pressure at the labyrXnth seal Xnlet compared to the baselXne case. 

ThXs weaker pressure gradXent translates to less flow beXng drXven from the downstream 

well to the upstream well, resultXng Xn a %9 flow reductXon. Furthermore, even the 

mass flow rate decreases %9, the dXfference of the flow temperature leaves the 

upstream well between base and modXfXed case XnsXgnXfXcant, whXch XmplXes a reductXon 

Xn the shear stress responsXble for wXndage heatXng, lXkely by around %9. 
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BuXldXng upon theXr prevXous work, Ozturk et al. [12] then studXed seven dXfferent stator 

well confXguratXons Xn order to XnvestXgate the effect of XncorporatXon of fXns on the 

rotor surface Xn order to reduce leakage mass flow rate. The aXm was that by XncreasXng 

the tangentXal speed of the leaked aXr at the Xnlet of the labyrXnth seal, pressure of the 

aXr would decrease, and causes the reductXon Xn the mass flow rate wXthout changXng 

the labyrXnth seal clearance. The authors observed that XncorporatXng radXal fXns on the 

rotor surface led to a sXgnXfXcant reductXon Xn leakage flow. Notably, thXs reductXon was 

only slXghtly greater than that achXeved wXth the baselXne model featurXng a halved 

clearance. 

Kong et al. [13] employed a combXned experXmental and numerXcal approach to 

XnvestXgate total temperature varXatXons wXthXn a generXc compressor stator well cavXty. 

The study focused on the Xnfluence of labyrXnth seal clearances on wXndage heatXng. 

By XmplementXng labyrXnth seal rXngs wXth varyXng tXp clearances, the researchers 

observed a near-lXnear relatXonshXp between XncreasXng rotor speed and wXndage 

heatXng. AddXtXonally, the study revealed an Xnverse relatXonshXp between tXp clearance 

and wXndage heatXng wXthXn the labyrXnth seal.  

Also Kong et al. [14] observed Xn both theXr numerXcal and experXmental studXes that 

most domXnant part for the wXndage heatXng Xs Xnlet cavXty contrXbutXng around %50 of 

the total temperature rXse, whereas the least portXon of the wXndage heatXng occured at 

outlet cavXty wXth %20. Moreover, these proportXon of the wXndage temperature rXse 

for each cavXty wXthXn the stator cavXty are Xn lXne wXth the fXndXngs of the study 

presented by Kamdar et al. [10].  

Ingested aXr flow Xnto the cavXty comes from the stator hub regXon, and Xt mXxes wXth 

maXnstream flow at the near hub regXon when Xt emerges from the compressor stator 

well cavXty. SXnce Xngested aXr flow Xs heated XnsXde the cavXty due to shear work done 

from the rotor surfaces, thXs flow raXses the near hub maXnstream temperature. ThXs 

phenomena brXngs out the possXbXlXty of re-XngestXon of the hot aXr that passed through 

the stator blade row Xnto the downstream stator well cavXty for further wXndage heatXng. 

In Ozturk et al. [11] numerXcal studXes, the researchers XnvestXgated whether the hot 

layer near the stator hub could mXgrate through the stator passage and reach the outlet, 

where the aXr flows Xnto the cavXty, or whether passage vortex and turbulence dXssXpate 

and dXffuse the hot layer and leads to spanwXse mXxXng of the stator flow. To achXeve 

thXs, the authors defXned a temperature boundary condXtXon at the Xnlet. ThXs condXtXon 
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specXfXed a temperature of 500 K for a thXn layer near the hub, encompassXng only 5% 

of the total blade heXght. The remaXnXng spanwXse regXon was assXgned a temperature 

of 443 K. TheXr results showed that whXle the temperature near the hub exhXbXts a 

reductXon across most of the cXrcumferentXal span as the flow traverses the blade row, 

the exXt temperature remaXns comparatXvely elevated relatXve to the bulk flow, whXch 

empowers the possXbXlXty of the repetXtXve wXndage heatXng of Xngested flow. Also, 

Bayley and ChXlds [15] observed that lower cXrculatXon rates Xn the tXght clearance 

confXguratXon resulted Xn Xncreased peak temperature rXses, reachXng up to 30 °C. They 

further hypothesXzed that re-XngestXon of hot aXr mXght occur, potentXally exacerbatXng 

wXndage and stator cavXty well heatXng. These fXndXngs are also supported by the study 

of Kamdar et al. [10] sXnce the hXghest temperatures are observed at the cases of re-

XngestXon of the hot fluXd. Consequently, contXnuous re-XngestXon of the hot aXr Xnto the 

stator well cavXty could lead to a progressXve rXse Xn both aXr and surfaces temperatures, 

whXch can cause the necessXty of hXgh temperature resXstance materXal usage Xn the 

cavXty or decrease of the materXal lXfe. 

1.3. Research ObjectKve 

In today’s multXstage core compressors, achXeveXng further advancements poses 

Xncreased challanges because they have already surpassed %92 polytropXc effXcXency. 

Consequently, comprehendXng secondary losses becomes even more crucXal.  

The objectXve of thXs study Xs to understand the flow characterXstXcs wXthXn the 

compressor well cavXty usXng 1D numerXcal method, valXdatXng the 2D axXsymmetrXc 

CFD model wXth experXmental data from exXstXng lXterature. Subsequently, thXs study 

aXms to examXne the generXc stator well cavXty encountered Xn the gas turbXne engXnes. 

VarXous parameters XncludXng mass flow rate leaked to the cavXty, total temperature rXse 

of the leaked aXr, swXrl dXstrubXtXon wXthXn the cavXty, torques of both stator and rotor 

surfaces, along wXth theXr proportXon for maXn seperated regXons, are XnvestXgated by 

non-dXmensXonalXzXng to establXsh comprehensXve understandXng of the flow behavXour 

wXthXn the compressor stator well cavXty.  
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2. THEORETICAL BACKGROUND 

PrXor to 1D and 2D numerXcal XnvestXgatXons, Xt Xs essentXal to establXsh a strong 

theoretXcal foundatXon. ThXs foundatXon should encompass the prXncXples governXng 

maXn flow parameters wXthXn the compressor stator well, XncludXng rotor-stator cavXty 

flows, wXndage heatXng mechanXsms, and the labyrXnth seal flows. 

2.1. Rotor – Stator CavKty Flows 

WXthXn the core flow path of gas turbXne engXnes, rotor-stator cavXtXes and rotor-rotor 

cavXtXes are frequently encountered desXgn features. A thorough comprehensXon of the 

flow parameters governXng these cavXtXes Xs paramount for the development of accurate 

one-dXmensXonal models. However, Xt Xs crucXal to acknowledge that only rotor-stator 

cavXtXes are present wXthXn the compressor well domaXn. Therefore, the followXng 

dXscussXon wXll exclusXvely focus on defXnXng and characterXzXng rotor-stator cavXtXes. 

These cavXtXes are characterXzed by whXle radXal Xnflow occurs at the upstream cavXty, 

radXal outflow occurs at the downstream cavXty. 

In Xts most general form, as SultanXan [16] stated rotor surface tends to pump flow 

radXally outward and serves as a bladeless compressor or turbXne, dependXng on 

whether the adjacent fluXd core rotates slower or faster than the dXsk. In the former 

scenarXo, energy transfers from the rotor dXsk to the fluXd, whXle Xn the latter, Xt moves 

from the fluXd to the dXsk. TangentXal velocXty on the dXsk varXes lXnearly wXth radXus. 

Stator torque reduces the flow's angular momentum, regardless of Xts dXrectXon or 

rotatXon, but Xsn't dXrectly Xnvolved Xn energy transfer wXth the fluXd. 

Two maXn model had proposed about how fluXd flows wXthXn the space between a 

rotatXng dXsc and statXonary wall before experXmental data and computatXonal 

sXmulatXons were avaXlable.  

The fXrst model, proposed by Batchelor [17] Xn the 1950s, assumes that the angular 

velocXty of the core fluXd lXes between that of the rotor and stator. ThXs model suggests 

the presence of boundary layers on both rotor and stator surfaces. WhXlst the fluXd that 

Xs entraXned from the core Xs pumped radXally outwards on the rotor to supply Xts 

boundary layer, radXal Xnflow occurs at the stator surface and aXr moves from the 

stator’s boundary layer to core regXon.   
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Conversely, Stewartson [18] proposed another model that assumes the tangentXal 

velocXty of the fluXd decreases from the rotor’s boundary layer to the value of zero, 

resultXng Xn no core rotatXon, sXmXlar to “free dXcs” flow. VelocXty profXles for these two 

models are presented Xn the FXgure 2.1. To sum up, both of these flow models can be 

encountered Xn the gas turbXne engXnes. SXnce the gap ratXos Xs generally large enough, 

Batchelor model Xs more common flow model. 

 

 
Figure 2.1: Characteristic velocity profiles in a rotor-stator cavity (a) to (c) 

Batchelor type of flow structure; (d) to (f) Stewartson type of flow structure [19].  
 

2.1.1. Enclosed Rotor-Stator System 

Batchelor flow model Xs best to descrXbe the flow behavXor for the enclosed rotor-stator 

system where the no throughflow supplXed or extracted as shown Xn the FXgure 2.2. The 

core flow occurs between two boundary layers rotatXng wXth some fractXon of the rotor 

wheelspeed. TypXcally, the fluXd Xn the core regXon rotates at a tangentXal velocXty equal 

to 40% of the rotor's speed. ThXs fractXon Xs characterXzed as “swXrl ratXo” Xn the gas 

turbXne applXcatXons, 

 
𝑋𝐾 =

𝜔&781%
𝜔(9,9(

=
𝑉-%&'()
𝜔(9,9(𝑟

 (2.1) 
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Figure 2.2: Rotating disk in an enclosed cavity [16]. 

 

Also gap ratXo whXch Xs the ratXo of axXal clearance, s, between the rotor and stator 

surfaces to dXsc radXus, R, Xs defXned Xn EquatXon 2.2. DaXly and Nece [20] reported that 

as the gap ratXo decreases, swXrl ratXo Xncreases to value of	𝑋𝐾 ≈ 0.5.  

 𝐺 =
𝑠
𝑅 (2.2) 

 

For an enclosed dXsc cavXty, DaXly and Nece [20] conducted comprehensXve 

experXmental and theoretXcal XnvestXgatXons. Through experXments, conducted wXth 

varXous dXsc speeds and gap ratXos, velocXty, pressure, and torque measurements were 

made. WhXle rotatXonal Reynolds number Xs ranged from 𝑅𝑒- = 10# to	𝑅𝑒- = 10:, 

gap ratXo Xs ranged from 𝐺 = 0.0127 to 𝐺 = 0.217 wXth a constant tXp clearance. 

Consequently, the researchers XdentXfXed four dXstXnct regXons, Xllustrated Xn FXgure 2.3, 

can occur wXthXn the enclosed cavXty dependXng on the rotatXonal Reynolds number and 

gap ratXo.  

SpecXfXcatXon of the flow regXmes wXth specXfXc moment coeffXcXent are defXned below 

for each regXmes. 
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Figure 2.3: Regimes of flow for an enclosed rotor-stator cavity [20]. 

 

• Regime I ∶ Laminar flow, small gap ratio, merged boundary layers, 

 𝐶'! =
𝜋

𝐺 ∙ 𝑅𝑒-
 (2.3) 

• Regime II ∶ Laminar flow, large gap ratio, separate boundary layers, 

 𝐶'" = 1.85 ∙ 𝐺;.!𝑅𝑒-<;.$ (2.4) 

• Regime III ∶ Turbulent flow, small gap ratio, merged boundary layers, 

 𝐶'# = 0.04 ∙ 𝐺<;.!=:𝑅𝑒-<;.>$ (2.5) 

• Regime IV ∶ Turbulent flow, large gap ratio, separate boundary layers, 

 𝐶'$ = 0.051 ∙ 𝐺;.!𝑅𝑒-<;.> (2.6) 

 

In gas turbXnes, the Reynolds numbers reach hXgh levels durXng the hXgh power/thrust 

condXtXons, resultXng Xn predomXnantly turbulent flow. AddXtXonally, the gaps between 
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the rotatXng dXsk and statXonary components are suffXcXently wXde, leadXng to RegXme 

IV becomXng the most probable occurrence. 

2.1.2. Rotor-Stator CavOty wOth RadOal Outflow 

For rotor-stator cavXty wXth radXal outflow, SultanXan [16] states that Xn cases where the 

superposed flow rates Xs XnsuffXcXent to meet the pumpXng requXrements of the rotor 

dXsc, external fluXd can be Xngested. ThXs fluXd flows radXally Xnward on the stator 

surface untXl Xt reaches a radXus where the dXsc's pumpXng flow rate exceeds the 

superXmposed flow rate to make up for the dXfference, whXch Xs known as “rotatXonally-

Xnduced Xngress”. Contrary, Xf the superXmposed flow Xs enough to meet the demand of 

the rotor dXsc pumpXng, no radXally Xnward flow occurs on the stator surface. These 

cases are shown Xn FXgure 2.4.   

 

 

Figure 2.4: Schematic of a rotor-stator cavity with superimposed radial outflow: (a) 
small outflow rate and (b) large outflow rate [16]. 

 

2.1.3. Rotor-Stator CavOty wOth RadOal Inflow 

A rotor-stator cavXty featurXng a superXmposed radXal Xnflow Xs Xllustrated Xn FXgure 2.5. 

SultanXan [16] states that for a small Xnflow rate cases wXth	𝑋𝐾 < 0.5, flow enters the 

cavXty along stator surface. Some portXon of thXs aXr moves to the rotor surface Xn order 

to meet Xts pumpXng requXrement, causXng a reversal of flow over o sectXon of the cavXty 

near the rotor surface. As the flow reaches a lower radXus, Xt accelerates sXmXlarly to a 

free vortex and tends to move downward along the rotor surface to mXnXmXze wall shear 



 32 
 
 

force. ThXs regXon of the rotor dXsk, experXencXng radXal Xnward flow, functXons as a 

bladeless turbXne. Conversely, Xn the case of a large radXal Xnflow shown Xn FXgure 2.5b, 

the flow behaves more lXke a free vortex and predomXnantly descends along the rotor 

surface to mXnXmXze shear force. In thXs scenarXo, the entXre rotor dXsk operates as a 

bladeless radXal turbXne, fluXd rotates faster than the rotor surface (𝑋𝐾 > 1), wXth 

energy transferred from the fluXd to the rotor.  

 

 

Figure 2.5: Schematic of a rotor-stator cavity with superimposed radial inflow: (a) 
small inflow rate and (b) large inflow rate [16]. 

 

2.2. WKndage HeatKng 

WXthXn a gas turbXne engXne, the total aXr temperature experXences a modXfXcatXon due 

to eXther work transfer, heat transfer, or a synergXstXc effect of both processes. Work 

transfer occurs exclusXvely wXthXn rotatXng components, arXsXng from the XnteractXon 

between the fluXd and the movXng walls. ThXs XnteractXon establXshes a velocXty gradXent 

across a boundary layer adjacent to the wall. However, the no-slXp boundary condXtXon 

dXctates zero relatXve velocXty between the fluXd and the statXonary wall. Consequently, 

wall shear stress actXng on the statXonary surfaces cannot contrXbute to any net work 

transfer between the fluXd and the wall. In essence, wXndage heatXng Xs precXsely 

defXned as the rotor's power Xnput Xnto the surroundXng fluXd. It's crucXal to dXfferentXate 

thXs phenomenon from vXscous dXssXpatXon, whXch represents the process by whXch the 
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fluXd's vXscosXty transforms external flow energy Xnto Xnternal energy, wXth no net 

change Xn the fluXd's total temperature under adXabatXc condXtXons.  WhXle stators 

themselves cannot dXrectly Xmpart work to the fluXd, statXonary surfaces can XndXrectly 

Xnfluence wXndage by establXshXng velocXty gradXents wXthXn the fluXd. ThXs occurs 

because the fluXd experXences a deceleratXon due to the negatXve torques exerted by the 

statXonary walls [16].  

As Xllustrated Xn FXgure 2.6, a typXcal rotor – stator cavXty confXguratXon Xs presented. 

Under adXabatXc condXtXons, Xn order to fXnd temperature change of the fluXd, work 

power transferred from the rotatXng component should be calculated. So, wXndage 

power (𝑊̇*12%345) Xs defXned as: 

 𝑊̇*12%345 = 𝛤(9,9(𝛺 (2.7) 

Where Γ(9,9( Xs the rotor torque and Ω Xs the rotatXonal speed of the rotor dXsc. 

When consXderXng the balance of the angular momentum between two sectXons, we 

obtaXn, 

 𝛤(9,9( − 𝛤+,3,9( =	 𝑚̇𝑉-"𝑟> − 𝑚̇𝑉-!𝑟! =	 𝑚̇(𝑋𝐾>𝑟>
> − 𝑋𝐾!𝑟!>)𝛺 (2.8) 

 Γ(9,9( = Γ+,3,9( +	𝑚̇(𝑋𝐾>𝑟>> − 𝑋𝐾!𝑟!>)Ω (2.9) 

 

Where Γ(9,9( 	and Γ+,3,9(, respectXvely, are the rotor torque and stator torque, 𝑉- Xs 

tangentXal velocXty of the aXr, XK Xs the swXrl ratXo and Ω Xs the rotatXonal speed of the 

rotor. When these two equatXons are combXned,  

 𝑊̇*12%345 = Γ+,3,9(Ω + 𝑚̇(𝑋𝐾>𝑟>> − 𝑋𝐾!𝑟!>)Ω> (2.10) 

Where fXrst term on rXght-hand Xn EquatXon 2.10 denotes that work done by stator to 

fluXd, whXch cannot be true because of the fact that there Xs no relatXve motXon of the 

stator. Hence, one should utXlXze EquatXon 2.7 and EquatXon 2.9 separately to prevent 

nonphysXcal representatXon. Then, temperature change of the aXr because of the rotor 

work done can be calculates as 
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 Δ𝑇/ = 𝑇/> − 𝑇/! =
𝑊̇*12%345

𝑚̇𝑐)
 (2.11) 

 

 
Figure 2.6: Typical Rotor - Stator Cavity [16]. 

 

The calculatXon of rotor and stator torques relXes on empXrXcal correlatXons derXved from 

experXmental data. SXnce the rotor torque stems from the shear stress Xn the tangentXal 

dXrectXon over the area, Xt can be calculated as 

 Γ(9,9( =	u 𝜏-

?

;

𝑟𝑑𝐴 (2.12) 

Where 𝑑𝐴 = 2𝜋𝑟𝑑𝑟 

 Γ(9,9( =	u 𝜏-

?

;

𝑟(2𝜋𝑟𝑑𝑟) = 2𝜋u 𝜏-

?

;

𝑟>𝑑𝑟 (2.13) 

Shear stress Xn the tangentXal dXrectXon can be calculated as, 
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 𝜏- =
1
2𝐶&𝜌

(𝑤𝑟)> (2.14) 

AssumXng constant skXn frXctXon throughout the radXus, 

 Γ(9,9( = 𝐶&𝜌𝜔>𝜋u 𝑟@𝑑𝑟
?

;
 (2.15) 

 Γ(9,9( =
𝐶&𝜌𝑤>𝜋𝑅$

5  (2.16) 

And Xn terms of moment coeffXcXent, 𝐶', 

 𝛤(9,9( =
𝐶&𝜌𝜔>𝜋𝑅$

5 =
1
2𝐶'𝜌𝜔

>𝑅$ (2.17) 

WhXch gXves the relatXon between skXn frXctXon coeffXcXent and moment coeffXcXent as 

 𝐶' =
2𝜋
5 𝐶& (2.18) 

Based on the actual gas turbXne test experXence, and by usXng the experXmental data of 

DaXly and Nece [20], the empXrXcal correlatXon for the skXn frXctXon coeffXcXent on one 

sXde of the rotor proposed by Haaser et al. [21] as  

 𝐶&* = 0.042(1 − 𝑋𝐾)!.#$𝑅𝑒-.
+,." (2.19) 

And for the one sXde of the stator dXsk as  

 𝐶&. = 0.063𝑋𝐾!.A:𝑅𝑒-.
<;,> (2.20) 

 

Where the full dXsk Reynolds number (𝑅𝑒- = 𝜌𝜔𝑅>/𝜇) has been modXfXed to, 

 𝑅𝑒-. =
𝜌𝜔𝑅9(𝑅9 − 𝑅1)

𝜇  (2.21) 
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However, SultanXan [16] has found that Xf these 𝐶& values are used for the calculatXon 

of the partXal dXsk torques where	𝑅1/𝑅9 	< 0.5, partXal dXsk torques leads to hXgher 

values than full dXsks, whXch Xs physXcally XmpossXble. In order to prevent thXs 

mXsleadXng, Xnstead of usXng constant shear stress as assumed Xn Haaser et al. [21], 

SultanXan [16] assumed that skXn frXctXon coeffXcXent of the tangentXal stress Xs constant. 

UsXng relatXve tangentXal aXr velocXty to evaluate the dynamXc pressure, dynamXc 

pressure changes to, respectXvely, 0.5𝜌(1 − 𝑋𝐾)>𝜔>𝑟> and 0.5𝜌𝑋𝐾>𝜔>𝑟> for rotor 

and stator. Then skXn frXctXon coeffXcXents are re-derXved for stator and rotor dXsks as, 

 𝐶&* = 0.070	(1 − 𝑋𝐾)<;.=$𝑅𝑒-<;.> (2.22) 

 𝐶&. = 0.105	𝑋𝐾<;.!#𝑅𝑒-<;.> (2.23) 

Then, rotor torque equatXon for partXal dXsk becomes, 

 Γ(9,9( = 𝐶&?𝜌(1 − 𝑋𝐾)
>𝜔>𝜋u 𝑟@𝑑𝑟

?/

?(
 (2.24) 

 𝛤(9,9( = 𝐶&*𝜌(1 − 𝑋𝐾)
>𝜔>𝜋 x

𝑅9$

5 −
𝑅1$

5 y (2.25) 

 𝛤(9,9( = 0.044𝜌(1 − 𝑋𝐾)!.#$𝜔>z𝑅9$ − 𝑅1${	𝑅𝑒-<;.> (2.26) 

As mentXoned earlXer, wXndage power Xs calculated as, 

 𝑊̇*12%345 = Γ(9,9(𝜔 (2.27) 

 𝑊̇*12%345 = 0.044𝜌(1 − 𝑋𝐾)!.#$𝜔#z𝑅9$ − 𝑅1${	𝑅𝑒-<;.> (2.28) 

Then, fXnally wXndage power equatXon becomes by expandXng RotatXonal Reynolds 

number Xnto wXndage power equatXon, 
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 𝑊̇*12%345 = 0.044𝜌;.A(1 − 𝑋𝐾)!.#$𝜔>.A𝜇;.>𝑅9@.= x1 −
𝑅1$

𝑅9$
y (2.29) 

WXndage power Xs affected most by 𝑅9 wXth a power of 4.6, whXch Xs followed by 

rotatXonal speed of the dXsk 𝜔 wXth a power of 2.8. ThXrd, the ratXo of the dXfference of 

the aXr tangentXal velocXty and rotor tangentXal velocXty to the rotor tangentXal velocXty, 

(1 − 𝑋𝐾), effects the wXndage power wXth a power of 1.35. FXnally, aXr densXty and 

vXscosXty affect the wXndage power wXth a power of 0.8 and 0.2, respectXvely. 

2.3. LabyrKnth Seal Flows 

LabyrXnth seals fXnd extensXve applXcatXon Xn gas turbXne engXnes for multXple reasons. 

As they can be used to mXnXmXze the leakage flows, also they are used to meter the 

coolXng flows as requXred for the downstream components. LabyrXnth seals functXon 

by creatXng complex flow passages. These passages generate pressure loss as aXr flows 

through them, thereby reducXng the overall aXrflow. The wXdespread preference for 

labyrXnth seals stems from theXr advantageous combXnatXon of low cost, contactless 

operatXon, and the abXlXty of broad operatXng range for temperatures, pressures, and 

rotor speeds [16].  

In order to fXnd mass flow rate passes through the labyrXnth seals, analytXcal, 

experXmental and numerXcal methods are used. For analytXcal approach, one method Xs 

very sXmXlar to orXfXce meter applXcatXons used Xn practXce for flow measurement 

accordXng to the cross-sectXonal constrXctXon method. In orXfXce meters, 1-DXmensXonal 

flow, where the entXre flow Xs consXdered as a streamlXne approach, the leakage flow 

rate can be calculated usXng the contXnuXty and the BernoullX equatXons. Then for 

compressXble XsentropXc flow, flow rate can be calculated wXth, 

 𝑚̇,C59(1D	 =
𝑃!𝐴>
|𝑘𝑅𝑇!

} 2𝑘>
𝑘 − 1	 ~�

𝑃>
𝑃!
�
>
F
− �𝑃>𝑃!
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F6!
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}1 − �𝑃>𝑃!
�
>
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�𝐴>𝐴!

�
>

 (2.30) 

Venant developed an equatXon Xn 1871 derXved from BernouXllX equatXon. SXnce Venant 

equatXon Xs developed from the BernoullX equatXon, the narrow sectXon where the 
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throttlXng occurs Xs taken as the low pressure regXon. The flow velocXty at upstream 

cavXty Xs neglXgXble compared the flow velocXty where throttlXng occurs. The fXnal 

versXon of the Venant equatXon yXelds as, 

 𝑚̇,C59(1D	 =
𝑃!𝐴>
|𝑘𝑅𝑇!

∙ �
2𝑘>

𝑘 − 1	 ��
𝑃>
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>
F
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𝑃>
𝑃!
�
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MartXn [22] developed an equatXon to estXmate the leakage flow rate Xn labyrXnth seals. 

ThXs equatXon, shown below, Xs derXved to estXmate the requXred number of teeth to 

achXeve the desXred pressure drop. ThXs equatXon Xs based on a purely analytXcal 

approach and Xt Xs Xn a good agreement wXth experXmental data. The subsequent 

equatXons are based on MartXn’s equatXon and are focused on reducXng the errors due 

to assumptXons Xn the MartXn’s equatXon, where the developed convectXon or flow 

coeffXcXents were added as multXplXers to the MartXn’s equatXon. Also, whXle Venant's 

equatXon can be applXed for a sXngle tooth, the MartXn equatXon can gXve the leakage 

flow for multXple teeth Xn a sXngle calculatXon. 

 𝑚̇ =
𝐴𝑃,!
|𝑅𝑇!

∙ �
1 − �𝑃+>𝑃,!

�
>

𝑛 − ln �𝑃+>𝑃,!
�
 (2.32) 

EglX [23] add a kXnetXc energy carry-over coeffXcXent, whXch Xs obtaXned from 

experXmental data, to MartXn’s EquatXon. 

 𝑚̇ = 𝜇5')5(1D37 ∙
𝐴𝑃,!
|𝑅𝑇!

∙ �
1 − �𝑃+>𝑃,!

�
>

𝑛 − ln �𝑃+>𝑃,!
�
 (2.33) 

In labyrXnth seals, the fluXd accelerates through each tooth. And Xn Xdeal cases, Xt Xs 

assumed that the flow expands completely Xn the cavXty between two teeth and that all 

of the jet kXnetXc energy Xs absorbed and that thXs Xs repeated for each cavXty. However, 

thXs Xs not the real case. As shown Xn the FXgure 2.7, some of the fluXd passXng through 

the tooth wXll joXn the cXrculatXon XnsXde the cavXty, whXle some of Xt Xs dXrected dXrectly 
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towards the other tooth as a jet. The added coeffXcXent takes Xnto account the portXon of 

kXnetXc energy carrXed over from one cavXty to subsequent cavXty. Hence thXs multXplXer 

Xs greater than 1 and has the effect of XncreasXng the flow rate. EglX found that kXnetXc 

energy carry over factor Xs Xncreased wXth XncreasXng seal clearance or decreasXng axXal 

dXstance between seal teeth. The proportXonalXty of the leakage flow rate generated 

usXng EglX's method Xs shown below. 

 
𝑚̇ ≈

1

�𝑛 − ln �𝑃>𝑃!
�
 (2.34) 

 

 
Figure 2.7: Representation of kinetic energy carry-over coefficient [23]. 

 

HodkXnson [24] made a modXfXcatXon to EglX’s EquatXon. WhXle EglX was usXng 

empXrXcal coeffXcXent to account the fact that all of the fluXd kXnetXc energy Xs not 

dXssXpated between two teeth, HodkXnson changed the empXrXcal correlatXon wXth semX 

empXrXcal coeffXcXent whXch uses geometrXc features of the labyrXnth seals. HXs 

assumptXon was the conXcal expansXon of the fluXd jet at a small angle from the tXp of 

the Xnlet tooth and undXstorted entry of a portXon Xnto the next cavXty. 

HodkXnson found that kXnetXc energy carry over factor Xs Xncreased wXth XncreasXng of 

number of teeth and seal clearance and wXth decreasXng of axXal dXstance between two 

teeth. However, thXs Xncrease Xs not XnfXnXte. After certaXn poXnt, not much change Xs 

observed. Also, he observed that at the hXgh pressure drop cases, carry-over factor 

becomes XnsXgnXfXcant, seal clearance becomes the most domXnant factor defXnXng the 

flow rate. Carry-over factor becomes Xmportant at crXtXcal pressure ratXos and Xf the 

lXquXd Xs used as a workXng fluXd. HodkXnson’s equatXon Xs stated below. 
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 𝑚̇ = 𝜇 ∙
𝐴𝑃!
|𝑅𝑇!

∙ �
1 − �𝑃>𝑃!

�
>

𝑛 − ln �𝑃>𝑃!
�
 (2.35) 

 
𝜇 =

�

1

1 − �𝑛 − 1𝑛 � ∙ �
𝐶𝑟
𝐿

�𝐶𝑟𝐿 � + 0.02
�

 
(2.36) 

Vermes [25] added hXs own kXnetXc energy carry-over factor coeffXcXent, whXch Xs for 

flat and and stepped labyrXnth seals and compressXble fluXds, to MartXn’s equatXon. ThXs 

equatXon Xs developed from boundary layer theory, and to calculate the carry-over 

factor, followXng coeffXcXent, 𝛼, Xs needed. HXs equatXon Xs defXned as, 

 𝑚̇ = 𝐶𝑑 ∙ 𝜇 ∙
𝐴𝑃!
|𝑅𝑇!

∙ �
1 − �𝑃>𝑃!

�
>

𝑛 − ln �𝑃>𝑃!
�
 (2.37) 

 𝜇 = } 1
1 − 𝛼 (2.38) 

 𝛼 =
8.52

𝑠 − 𝑡
𝐶𝑟 + 7.23

 (2.39) 

 

On the FXgure 2.8 below, the change of 𝐶𝑑 value wXth Reynolds and the ratXo of 

thXckness of tooth to seal clearance Xs shown. 
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Figure 2.8: 𝐶G graph for Vermes equation [25]. 

 
Neumann developed an equatXon whXch Xs a functXon of hXgh and low pressures of the 

teeth (ChXlds [26]). Instead of sXngle equatXon, Xt generates set of equatXons for the 

number of the teeth (n) that gXves the pressure dXstrXbutXon and leakage mass flow rate. 

Neumann's equatXon Xncludes a semX-empXrXcal flow coeffXcXent (𝐶&) and a kXnetXc 

energy transport coeffXcXent (µ). To calculate the semX-empXrXcal flow coeffXcXent, the 

coeffXcXent β Xs needed as a functXon of low and hXgh pressures, and to calculate the 

kXnetXc energy transport coeffXcXent, the coeffXcXent α Xs needed as a functXon of seal 

clearance and pXtch. These coeffXcXents, calculated usXng the ChaplygXn formula 

defXned by GurevXch [27], whXch Xs used to calculate the Neumann equatXon, are gXven 

below. 

 𝑚̇ = 𝐶&( ∙ 𝜇1 ∙ 𝐴1 ∙ }
𝑃1> − 𝑃16!>

𝑅𝑇  (2.40) 

 𝐶&( =
𝜋

𝜋 + 2 − 5𝛽1 + 2𝛽1>
 (2.41) 

 𝛽1 = �
𝑃1
𝑃16!

�
F<!
F
− 1 (2.42) 
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 𝜇1 = }
𝑛

𝑛 ∙ (1 − 𝛼1) + 𝛼1
 (2.43) 

 𝛼1 = 1 −
1

�1 + 16.6 ∙ 𝐶𝑟1𝑠1
�
> (2.44) 

ZXmmerman and Wolf [28] developed an equatXon for straXght-through labyrXnth seals 

and compressXble flows that Xs Xn good agreement wXth the test results they presented. 

They proposed treatXng the fXrst tooth dXfferent from the other teeth because of the fact 

that carry-over effect Xs not presented and that has better performance for reducXng 

flow rate. They used the Venant’s EquatXon for the fXrst tooth and for the rest of the 

teeth MartXn’s EquatXon wXth the kXnetXc energy carry-over coeffXcXent Xs used. The 

kXnetXc energy transport coeffXcXent Xs sXmXlar to the HodkXnson model and Xs used Xn 

the same way. 

 𝑚̇	 =
𝑃!𝐴>
|𝑘𝑅𝑇!

∙ �
2𝑘>

𝑘 − 1	 ��
𝑃>
𝑃!
�
>
F
− �

𝑃>
𝑃!
�
F6!
F
� , 𝑛 = 1 (2.45) 

 𝑚̇ = 𝜇 ∙
𝐴𝑃!
|𝑅𝑇!

∙ �
1 − �𝑃>𝑃!

�
>

𝑛 − ln �𝑃>𝑃!
�
, 𝑛 > 1 (2.46) 
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3. MATHEMATICAL FORMULATION 

Nowadays, computatXonal fluXd dynamXcs (CFD) programs, also known as flow 

solvers, are wXdely used Xn order to XnvestXgate flow characterXstXcs wXthXn the 

compressor stator well sXnce settXng up a test setup Xs challengXng and costly. These 

flow solver programs provXde fast results and are supported by prevXous test results. 

So Xn terms of both tXme and cost, the use of such programs Xs quXte functXonal and 

wXdespread. Flow solver programs utXlXzes basXc conservatXon equatXons to provXde 

results, whXch the most famXlXar of these are contXnuXty and momentum equatXons. Yet, 

dependXng of the physXcs of the problem, heat transfer and compressXble flow effects 

are Xnvolved, energy equatXons are also solved.  

3.1. NavKer-Stokes EquatKons 

The contXnuXty equatXon states that enterXng the mass flow Xnto the defXned control 

volume and leavXng mass flow from that control volume are equal for steady state 

condXtXons. The contXnuXty equatXon Xs defXned Xn EquatXon 3.1; 

 𝜕𝜌
𝜕𝑡 + ∇. z𝜌𝑉

�⃗ { = 0 (3.1) 

If the velocXty vector Xs expended Xn three dXmensXon; 

 𝜕𝜌
𝜕𝑡 +

𝜕(𝜌𝑢)
𝜕𝑥 +

𝜕(𝜌𝑣)
𝜕𝑦 +

𝜕(𝜌𝑤)
𝜕𝑧 = 0 (3.2) 

EquatXon 3.2 represents the most general form of the contXnuXty equatXon. However, 

for steady and XncompressXble problems, sXmplXfXcatXons can be made. If the problem 

Xs steady, tXme dependent derXvatXve of the densXty Xs zero. Also, sXnce the densXty 

remaXns constant for XncompressXble flow, densXty term Xn the velocXty component can 

be elXmXnated. So, the equatXon Xs sXmplXfXed as; 

 𝜕𝑢
𝜕𝑥 +

𝜕𝑣
𝜕𝑦 +

𝜕𝑤
𝜕𝑧 = 0 (3.3) 
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The momentum equatXon Xs based on Newton’s 2nd low of motXon, whXch states that 

the rate of the change of momentum of a system Xs equal to the net forces actXng on the 

system. The forces actXng on the system can be mass forces such as gravXty or surface 

forces such as pressure, vXscosXty and reactXon forces at the contact poXnts. In Xts most 

closed form, the momentum equatXon Xs as Xn EqautXon 3.4. 

 
𝜌 �
𝜕𝑉�⃗
𝜕𝑡 + 𝑉

�⃗ z∇��⃗ 𝑉�⃗ {� = 	−∇��⃗ 𝑝 + 𝜇∇>𝑉�⃗ + 𝜌𝑔⃗	 (3.4) 

The momentum equatXon can be wrXtten for three dXmensXon as 

𝜌 "
𝜕𝑢
𝜕𝑡
+ 𝑢

𝜕𝑢
𝜕𝑥

+ 𝑣
𝜕𝑢
𝜕𝑦

+ 𝑤
𝜕𝑢
𝜕𝑧,

= −
𝜕𝑃
𝜕𝑥

+ 𝜇 1
𝜕!𝑢
𝜕𝑥!

+
𝜕!𝑢
𝜕𝑦!

+
𝜕!𝑢
𝜕𝑧!

2 + 𝜌𝑔" (3.5) 

𝜌 "
𝜕𝑣
𝜕𝑡
+ 𝑢

𝜕𝑣
𝜕𝑥

+ 𝑣
𝜕𝑣
𝜕𝑦

+ 𝑤
𝜕𝑣
𝜕𝑧,

= −
𝜕𝑃
𝜕𝑦

+ 𝜇 1
𝜕!𝑣
𝜕𝑥!

+
𝜕!𝑣
𝜕𝑦!

+
𝜕!𝑣
𝜕𝑧!

2 + 𝜌𝑔# (3.6) 

𝜌 "
𝜕𝑤
𝜕𝑡 + 𝑢

𝜕𝑤
𝜕𝑥 + 𝑣

𝜕𝑤
𝜕𝑦 + 𝑤

𝜕𝑤
𝜕𝑧, = −

𝜕𝑃
𝜕𝑧 + 𝜇 1

𝜕0𝑤
𝜕𝑥0 +

𝜕0𝑤
𝜕𝑦0 +

𝜕0𝑤
𝜕𝑧02 + 𝜌𝑔1 (3.7) 

The conservatXon of the energy equatXon Xs derXved from 1st law of the 

thermodynamXcs. It states that the rate of the change of energy on the fluXd partXcle Xs 

equal to sum of the amount of net work done on the fluXd partXcle and net heat 

transferred to fluXd partXcle. Pressure and velocXty dXstrubXtXon are taken from 

contXnuXty and momentum equatXons Xn order to solve energy equatXon. The energy 

equatXon Xs wrXtten below Xn EquatXon 3.8. WhXle the velocXty term Xn the left represents 

the convectXon terms, second derXvatXve of the temperature on the rXght represents the 

advectXve terms. Also, Φ	term, dXssXpatXon term, represents heat generatXon orXgXnatXng 

from vXscosXty.   

 
𝜌𝑐) �

𝜕𝑇
𝜕𝑡 + z𝑉

�⃗ . ∇��⃗ {𝑇� = 𝑘∇>𝑇 + Φ (3.8) 

 



 33 
 
 

3.2. RANS EquatKons 

Most of the flows Xn nature are turbulent and Xn order to sXmulate turbulent flows wXthXn 

computatXon domaXn, three prXmary turbulence modellXng approaches are employed: 

DXrect NumarXcal SolutXon (DNS), Large Eddy SXmulatXon (LES) and Reynolds-

Averaged NavXer-Stokes (RANS). RANS method assumes a steady state and solves 

turbulence equatXons usXng tXme-averaged values. ThXs method Xs the cheapest Xn terms 

of computatXonal cost and the mostly used Xn the XndustrXal applXcatXons. 

So, applyXng thXs approach to contXnuXty and momentum conservatXon equatXons wXth 

steady and XncomppressXble assumptXon yXelds; 

 𝜕𝑢1
𝜕𝑥1

= 0 (3.9) 

 
𝑢H
𝜕𝑢I�
𝜕𝑥H

+
𝜕𝑢1.𝑢H.

𝜕𝑥H
= −

1
𝜌
𝜕𝑝
𝜕𝑥1

+ 𝜈
𝜕>𝑢1
𝜕𝑥H>

 (3.10) 

where 𝜈 Xs the kXnematXc vXscosXty. EquatXon 3.11 can be rearranged as, 

 
𝑢H
𝜕𝑢I�
𝜕𝑥H

= −
1
𝜌
𝜕𝑝
𝜕𝑥1

+
𝜕
𝜕𝑥H

�	𝜈
𝜕𝑢1
𝜕𝑥H

− 𝑢1.𝑢H.� (3.11) 

ExpressXng vXscous terms as shear stresses, EquatXon 3.12 can be wrXtten as, 

 
𝑢H
𝜕𝑢I�
𝜕𝑥H

= −
1
𝜌
𝜕𝑝
𝜕𝑥1

+
1
𝜌
𝜕
𝜕𝑥H

�	𝜏1H − 𝜌𝑢1.𝑢H.� (3.12) 

where 𝜏1H Xs the vXscous stress tensor. The term 𝜌𝑢1.𝑢H. Xs defXned as Reynolds-stress 

tensor and needs to be modelled. 

Shear Stress Transport Model (SST) was Xntroduced by Menter [29]. WhXlst Xt utXlXzes 

WXlcox 𝑘 − 𝜔 model [30] Xn the near wall regXon, standard 𝑘 − 𝜖 model [31] Xs used 

outsXde of the boundary layer Xn order to benefXt from Xts free stream Xndependence 

feature. It Xs achXeved by transformXng 𝑘 − 𝜖 model Xnto 𝑘 − 𝜔. The dXfference 
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between 𝑘 − 𝜔 and the new one Xs that there Xs a addXtXonal cross-dXffusXon term Xn the 

𝜔 –equatXon and uses dXfferent modellXng constants. 

OrXgXnal 𝑘 − 𝜔 model; 

 𝜕𝜌𝑘
𝜕𝑡 +

𝜕𝜌𝑢1𝑘
𝜕𝑥1

= 𝜏1H
𝜕𝑢1
𝜕𝑥H

− 𝛽⋆𝜌𝜔𝑘 +
𝜕
𝜕𝑥H

�(𝜇 + 𝜎F!𝜇,)
𝜕𝑘
𝜕𝑥H

� (3.13) 

 𝜕𝜌𝜔
𝜕𝑡 +

𝜕𝜌𝑢1𝜔
𝜕𝑥1

=
𝛾!
𝜈,
𝜏1H
𝜕𝑢1
𝜕𝑥H

− 𝛽!𝜌𝜔> +
𝜕
𝜕𝑥H

�(𝜇 + 𝜎K!𝜇,)
𝜕𝜔
𝜕𝑥H

� (3.14) 

Transformed 𝑘 − 𝜖 model; 

𝜕𝜌𝑘
𝜕𝑡 +

𝜕𝜌𝑢1𝑘
𝜕𝑥1

= 𝜏1H
𝜕𝑢1
𝜕𝑥H

− 𝛽⋆𝜌𝜔𝑘 +
𝜕
𝜕𝑥H

�(𝜇 + 𝜎F>𝜇,)
𝜕𝑘
𝜕𝑥H

� (3.15) 

𝜕𝜌𝜔
𝜕𝑡 +

𝜕𝜌𝑢!𝜔
𝜕𝑥!

=
𝛾"
𝜈#
𝜏!$
𝜕𝑢!
𝜕𝑥$

− 𝛽"𝜌𝜔" +
𝜕
𝜕𝑥$

.(𝜇 + 𝜎%"𝜇#)
𝜕𝜔
𝜕𝑥$

3 + 2𝜌𝜎%!

1
𝜔
𝜕𝑘
𝜕𝑥$

𝜕𝜔
𝜕𝑥$

 (3.16) 

After orXgXnal 𝑘 − 𝜔 and transformed 𝑘 − 𝜖 model equatXons are multXplXed by a 

functXon of 𝐹! and (1 −	𝐹!) respectXvely, correspondXng equatXons are added together 

and formed new model as, 

𝜕𝜌𝑘
𝜕𝑡 +

𝜕𝜌𝑢1𝑘
𝜕𝑥1

= 𝜏1H
𝜕𝑢1
𝜕𝑥H

− 𝛽⋆𝜌𝜔𝑘 +
𝜕
𝜕𝑥H

�(𝜇 + 𝜎F𝜇,)
𝜕𝑘
𝜕𝑥H

� (3.17) 

𝜕𝜌𝜔
𝜕𝑡 +

𝜕𝜌𝑢!𝜔
𝜕𝑥!

=
𝛾
𝜈#
𝜏!$
𝜕𝑢!
𝜕𝑥$

− 𝛽𝜌𝜔" +
𝜕
𝜕𝑥$

.(𝜇 + 𝜎%𝜇#)
𝜕𝜔
𝜕𝑥$

3 + 2𝜌(1 − 𝐹&)𝜎%!

1
𝜔
𝜕𝑘
𝜕𝑥$

𝜕𝜔
𝜕𝑥$

 (3.18) 

where 𝑘 Xs the turbulent kXnetXc energy and 𝜔 Xs the specXfXc turbulence dXssXpatXon.  

Let 𝜙! and 𝜙> represent any constant Xn the orXgXnal model (𝜎F!, … ) ,the transformed 

𝑘 − 𝜖 model (𝜎F>, … ) ,respectXvely. So 𝜙 represents correspondXng constant of the new 

model (𝜎F , … ) wXth a relatXon, 
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 𝜙 = 𝐹!𝜙! + (1 − 𝐹!)𝜙> (3.19) 

where constants for set 1 corresponds to 𝜙! (WXlcox), 

 𝜎F! = 0.85, 𝜎K! = 0.65, 𝛽! = 0.0750 

𝛽⋆ = 0.09, 𝜅 = 0.41, 𝛾! = 𝛽!/𝛽⋆ − 𝜎K!𝜅
>/|𝛽⋆ 

(3.20) 

and set 2 corresponds to 𝜙> (standard 𝑘 − 𝜖), 

 𝜎F> = 1, 𝜎K" = 0.65, 𝛽> = 0.0750 

𝛽⋆ = 0.09, 𝜅 = 0.41, 𝛾> = 𝛽>/𝛽⋆ − 𝜎K"𝜅
>/|𝛽⋆ 

(3.21) 

The turbulent-vXscosXty defXnXtXon supplement the model as, 

 
𝜈, =

𝑎!𝑘
max	(𝑎!𝜔;Ω𝐹>)

 (3.22) 

where 𝐹> Xs the second blendXng functXon. The turbulent stress tensor, 𝜏1H = −𝜌𝑢1.𝑢H., 

Xs then gXven by, 

 
𝜏1H = 𝜇, x

𝜕𝑢1
𝜕𝑥H

+
𝜕𝑢H
𝜕𝑥1

−
2
3
𝜕𝑢F
𝜕𝑥F

	𝛿1Hy −
2
3𝜌𝑘𝛿1H (3.23) 
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4. ONE DIMENSIONAL CAVITY SOLVER 

FORMULATION 

In order to get pressure and swXrl ratXo dXstrXbutXons Xn the compressor well cavXty, one-

dXmensXonal cavXty solver tool Xs generated. The detaXls of the tool have been dXscussed 

Xn Ref [32,33]. The tool Xs Xmplemented to compressor well cavXty shown below Xn 

FXgure 4.1. The geometry whXch three cavXtXes are formXng the cavXty Xs based on the 

work presented by Kong et al. [13]. The Xnlet Xs located on the rXght and the outlet on 

the left, whXch Xs typXcal for compressors as the statXc pressure Xncreases when passXng 

through the stator. In the test setup, the Xnlet Xs sXtuated on the left, where there Xs no 

throughflow of the stator. SXnce these varXatXons do not affect the results and the results 

are not compared wXth test data Xn thXs chapter, a realXstXc vXsual representatXon Xs 

provXded here. 

 

 
Figure 4.1: Simplified Compressor Well Cavity. 

 

The Xnlet of the cavXty Xs desXgnated as poXnt one. The end of the upstream cavXty, whXch 

also serves as the Xnlet of the seal cavXty, Xs desXgnated as poXnt two. The outlet of the 
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seal cavXty, whXch also serves as the Xnlet of the downstream cavXty, Xs desXgnated as 

poXnt three. FXnally, the outlet of the cavXty Xs desXgnated as poXnt four. 

 It Xs started wXth contXnuXty and conservatXon of angular momentum equatXons. 

ContXnuXty equatXon reveals, 

 𝑚̇ = 	 𝑚̇! = 𝑚̇> = 𝑚̇# = 𝑚̇@ (4.1) 

Non-dXmensXonal flow rate wXth turbulent flow parameter Xs expressed below, where 

non-dXmensXonal flow rate and rotatXonal Reynolds number are calculated wXth statXc 

propertXes at the Xnlet of the upstream cavXty. 

 𝐶* =
𝑚̇
𝜇𝑟!

 (4.2) 

 𝜆/ = 𝐶*𝑅𝑒-<;.A (4.3) 

 
𝑅𝑒- =

𝜌𝜔𝑟!>

𝜇  (4.4) 

The angular momentum conservatXon for the upstream cavXty Xs wrXtten below. At the 

nodes specXfXed Xn the fXgure below, connectXons between cavXtXes are constructed. 

 𝑚̇(𝑟>𝑉-> − 𝑟!𝑉-!) = ∑Γ(9,9( − ∑Γ+,3,9( 	 (4.5) 

 TangentXal velocXty of the aXr Xs wrXtten wXth respect to shaft speed and local radXus by 

XnsertXng swXrl ratXo parameter	𝑋𝐾 = 𝑉,C5,3	/	𝜔𝑟, and wrXtXng torque expressXons for 

the dXsc surfaces reveals, 

 
Γ(9,9( =	u 𝑟𝐶&(9,9(0.5𝜌(1 − 𝑋𝐾>)

>𝜔>𝑟>2𝜋𝑟𝑑𝑟
(!

("
	 (4.6) 

 
Γ+,3,9( =	u 𝑟𝐶&+,3,9(0.5𝜌𝑋𝐾>

>𝜔>𝑟>2𝜋𝑟𝑑𝑟
(!

("
 (4.7) 

Then conservatXon of angular momentum equatXon Xs wrXtten as, 
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 𝑚̇𝜔(𝑟!!𝑋𝐾! − 𝑟"!𝑋𝐾") = 	/ 𝐶#$%&%$𝜌(1 − 𝑋𝐾!)
!𝜔!𝜋𝑟'𝑑𝑟 − / 𝐶#(&)&%$𝜌𝑋𝐾!

!𝜔!𝜋𝑟'𝑑𝑟
$!

$"
	

$!

$"
	 (4.8) 

WhXch can be solved XteratXvely Xn order to fXnd out swXrl ratXo 𝑋𝐾.	ExXt swXrl ratXo Xs 

assumed that equal to cavXty bulk swXrl ratXo (𝑋𝐾 = 𝑋𝐾>). SkXn frXctXon coeffXcXents 

can be wrXtten for rotor and stator surfaces. Also, these coeffXcXents dXffer based on the 

surface type, cylXnder-lXke or dXsk-lXke. Seal cavXty Xs treated as cylXnder-lXke surface 

located at an average radXX for the rotor surface and at a radXus of	𝑟# for the stator 

surface. The skXn frXctXon coeffXcXents for rotor and stator surfaces are defXned as 

SultanXan [16]. 

For rotatXng surfaces: 

 𝐶&%1+F/D925	 =
0.07

𝑅𝑒-;.>(1 − 𝑋𝐾);.=$
	 (4.9) 

 𝐶&DM712%5( =
0.042

𝑅𝑒-;.>(1 − 𝑋𝐾);.=$
 (4.10) 

For statXc surfaces: 

 𝐶&%1+F/D925	 =
0.105

𝑅𝑒-;.>𝑋𝐾;.!#	 (4.11) 

 𝐶&DM712%5( =
0.042

𝑅𝑒-;.>𝑋𝐾;.!# (4.12) 

By usXng respectXve swXrl ratXo and representatXve radXX for dXsk-lXke or cylXndrXcal 

surfaces, rotatXonal Reynolds number can be formulated. StatXc pressure drop can be 

determXned subsequent to swXrl ratXo calculatXon by usXng the radXal pressure 

equXlXbrXum equatXon coupled wXth XncompressXble flow approach. ThXs approach 

Xncorporates the average densXty between the two relevant radXX, as detaXled Xn [32]. 

In the context of a stator well cavXty-dXsk cavXty system wXth upstream, downstream, 

and seal cavXtXes, the prevXously derXved equatXons (Eq. 4.8-4.12) can be algebraXcally 

summed to yXeld a new set of equatXons. These new equatXons wrXtten below dXrectly 

determXne the bulk swXrl ratXo for each XndXvXdual cavXty, namely	𝑋𝐾>, 𝑋𝐾#, 𝑋𝐾@. 
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 (𝑟>𝑋𝐾> − 𝑟!>𝑋𝐾!)
0.07(1 − 𝑋𝐾>)!.#$ − 0.105𝑋𝐾>!.A:

=
𝜋(𝑟!$ − 𝑟

$)
5𝜆/𝑟!#

 (4.13) 

 (𝑋𝐾# − 𝑋𝐾>)
0.042(1 − 𝑋𝐾#)!.#$ − 0.063𝑋𝐾#!.A:

=
𝜋𝐿

𝜆/ �
𝑟!
𝑟 �

>.=
𝑟
 (4.14) 

 (𝑟@>𝑋𝐾@ − 𝑟
>𝑋𝐾#)

0.07(1 − 𝑋𝐾@)!.#$ − 0.105𝑋𝐾@!.A:
=

𝜋(𝑟@$ − 𝑟
$)

5𝜆/ �
𝑟!
𝑟@
�
>.=
𝑟@#

 (4.15) 

Where, 

 
𝑟 =

𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝑟>, 𝑟#) + 𝑟+537
2  (4.16) 

The calculatXon of rotor torque from the seal surface leverages the mean radXus as a 

representatXve locatXon. To facXlXtate thXs calculatXon, the densXty and thermophysXcal 

propertXes of aXr wXthXn the stator well are assumed to be constant. ThXs sXmplXfXcatXon 

Xs justXfXed by the low tangentXal Mach numbers encountered Xn the system. 

Four dXfferent Xnlet swXrl ratXos (0.05, 0.15, 0.3, and 0.5) are XnvestXgated. For each 

Xnlet swXrl ratXo, the Xnlet turbulent flow parameters are varXed between 0.01 and 0.3. 

Thus, the effects of both the Xnlet swXrl ratXo and the Xnlet turbulent flow parameter are 

studXed. 

FXgure 4.2 Xllustrates the dXstrXbutXon of the bulk cavXty swXrl ratXos for an Xnlet swXrl 

ratXo of 0.05 at varyXng 𝜆/ values. For a fXxed geometry and shaft speed, Xt Xs a clear 

fact that swXrl ratXo decreases as 𝜆/ Xncreases. The selected Xnlet swXrl ratXo (0.05) 

corresponds to a hXgh power operatXng condXtXon. ThXs condXtXon falls slXghtly above 

the desXgn poXnt and resXdes on the chokXng sXde of the compressor's characterXstXc 

curve. In such a scenarXo, negatXve XncXdences can occur on both the rotor blades and 

stator vanes. The observed reductXon Xn cavXty swXrl wXth XncreasXng 𝜆/ contradXcts 

expectatXons based on prevXous fXndXngs Xn [32]. ThXs dXscrepancy can be attrXbuted to 

the specXfXc geometry of the upstream cavXty. Because the upstream cavXty Xs shallow 

and sXtuated at a large radXus, the torques actXng on the cavXty flow are consXderably 



 40 
 
 

stronger than the angular momentum Xntroduced by the low-swXrl leakage flow Xnjected 

Xnto the cavXty. Consequently, wXthXn the upstream cavXty, the rotor torque, proportXonal 

to	(1 − 𝑋𝐾)>, domXnates the stator torque, proportXonal to	𝑋𝐾>. ThXs domXnance 

dXctates the dXstrXbutXon of the swXrl ratXo. In the seal cavXty, the larger rotor surface 

area compared to the stator surface leads to a slXght Xncrease Xn swXrl. However, real-

world applXcatXons often Xncorporate honeycombs, whXch would enhance the stator 

torque and mXtXgate the rXse Xn swXrl along the seal cavXty. The downstream cavXty 

exhXbXts a sXmXlar behavXor, wXth domXnant rotor torque leadXng to an Xncreased swXrl 

ratXo. Even wXth the hXghest 𝜆/ value of 0.3, representXng a sXgnXfXcant XntroductXon of 

angular momentum at the Xnlet, overcomXng the domXnant rotor torque remaXns a 

consXderable challenge. As the parameter 𝜆/ approaches XnfXnXty, the cavXty swXrl ratXo 

would theoretXcally reach a free vortex state, wXth a value around 0.06. However, thXs 

scenarXo Xs not attaXnable Xn real-world compressor operatXon, even Xf a seal faXlure 

were to occur. 

 

 
Figure 4.2: Cavity Swirl Distributions Based on a Simplified Bulk Model 

with	𝑋𝐾1275, = 0.05. 
 

FXgures 4.3-4.5 Xllustrate the dXstrXbutXons of bulk cavXty swXrl ratXos for varXous Xnlet 

swXrl ratXos (0.15, 0.3, and 0.5). The case of the typXcal desXgn value (0.15), presented 

Xn FXgure 4.3, exhXbXts trends sXmXlar to the prevXous case. However, a notable 

dXfference arXses for moderate to hXgh 𝜆/ values. Here, the downstream cavXty swXrl 
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and seal cavXty swXrl begXn to converge towards each other. ConsXderXng the hXgh radXX 

and shallow sXze of the stator well cavXtXes, Xdeal free vortex swXrl ratXo Xn the upstream 

cavXty Xs slXghtly hXgher compared to the Xnlet value. 

In FXgure 4.4 the bulk cavXty swXrl ratXo dXstrXbutXons for an Xnlet swXrl ratXo of 0.3 

shows that from low to moderate 𝜆/ all the swXrl ratXos overlap whereas downstream 

cavXty swXrl ratXo starts to laggXng behXnd for the hXgh 𝜆/ values. ThXs phenomenon can 

be explaXned by that domXnance of rotor torques on the angular momentum of the 

swXrled flow decreases, whXch can be seen at low speed off-desXgn condXtXon of a 

compressor, especXally for front stages.  

As mentXoned Xn Denecke [34], swXrl ratXo downstream of the seal wXth XnfXnXtely many 

teeth converges to a value around 0.55 (stator to rotor area ratXo of 0.7). For seals wXth 

a lXmXted number of teeth, the change of the swXrl ratXo depends on the XncomXng swXrl 

ratXo, where swXrl ratXo Xs reduced by seal Xf the swXrl ratXo of the XncomXng flow has 

hXgh value; and vXce versa. In thXs case, the XncomXng flow has a swXrl ratXo of about 

0.4. Therefore, the seal counteracts thXs slXghtly, and the fXnal swXrl ratXo reaches a value 

just above 0.4 for hXgh 𝜆/ values. 

FXgure 4.5 Xllustrates the behavXor for an Xnlet swXrl ratXo of 0.5. It Xs Xmportant to note 

that thXs value Xs uncommon Xn real-world compressor operatXon and typXcally only 

could be encountered Xn sXtuatXons wXth substantXal flow dXsruptXons downstream of the 

stator, such as flow breakdown. The observed trend Xn swXrl ratXo alXgns wXth what we 

expect for a standard rotor-stator cavXty that receXves radXal Xnflow: as 𝜆/ Xncreases, the 

upstream cavXty swXrl ratXo also Xncreases. However, the labyrXnth seal counteracts thXs 

Xncrease, reducXng the swXrl because the XncomXng flow has a value exceedXng 0.55 (a 

poXnt where labyrXnth seals tend to stabXlXze swXrl). InterestXngly, as the amount of 

leakage flow Xncreases, thXs dampenXng effect by the seal weakens. ThXs Xs lXkely a 

consequence of the hXgh angular momentum carrXed by the leakage flow. For thXs 

specXfXc Xnlet swXrl ratXo and wXth such a sXgnXfXcant momentum XnjectXon, the swXrl 

ratXo dXstrXbutXons for all cavXtXes eventually reach a plateau, sXgnXfyXng a constant value 

at hXgh 𝜆/ values. 
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Figure 4.3: Cavity Swirl Distributions Based on a Simplified Bulk Model 

with	𝑋𝐾1275, = 0.15. 
 

 
Figure 4.4: Cavity Swirl Distributions Based on a Simplified Bulk Model 

with	𝑋𝐾1275, = 0.3. 
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Figure 4.5: Cavity Swirl Distributions Based on a Simplified Bulk Model 

with	𝑋𝐾1275, = 0.5. 
 

ThXs sXmplXfXed one-dXmensXonal model offers valuable XnsXghts Xnto the trends and 

behavXor wXthXn the cavXtXes. Notably, for a realXstXc Xnlet swXrl ratXo of 0.15, the results 

demonstrate that the upstream cavXty, wXth Xts lowest swXrl dXstrXbutXon, contrXbutes 

most sXgnXfXcantly to the rotor torque. WXth restrXctXon of the seal Xncreases Xt has been 

seen that the effect of rotor torque Xncreases dramatXcally to some poXnt and then starts 

to level down, so Xs wXndage power. FXnally, Xt Xs understood that both aspects of 

compressor aerodynamXc performance and wXndage power loss, the flow rate Xnjected 

Xnto the cavXty should be kept low, whXch Xs counterXntuXtXve fXndXng from famXlXar 

rotor-stator cavXty flows. 

The wXndage temperature rXse wXthXn each cavXty Xs dXrectly related to the rotor torque 

actXng on the leakage flow Xn that cavXty. ThXs relatXonshXp can be understood by 

equatXng the product of rotor torque and rotatXonal speed to the stagnatXon enthalpy 

rXse (a measure of temperature Xncrease due to work done on the fluXd). Consequently, 

the cavXty experXencXng the hXghest rotor torque wXll exhXbXt the most sXgnXfXcant 

wXndage temperature rXse. 

 𝑚̇(𝐻> − 𝐻!) = ∑Γ(9,9(𝜔 (4.17) 
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 𝜃 =
Δ𝑇/
𝜔>𝑟>
2𝑐)

 (4.18) 
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5. VALIDATION TEST CASE 

Test rXg data from Kong et al. [13] Xs used Xn order to valXdate numerXcal method, whXch 

wXll be used to XnvestXgate the generXc compressor stator well cavXty flowfXeld.  

5.1. Test FacKlKty and RKg InstrumentatKon 

The test rXg Xncludes upstream and downstream cavXtXes that are connected wXth 

labyrXnth seal Xn the mXddle and the sXze of the cavXty Xs presented Xn FXgure 5.1. The 

Xnlet of the test rXg Xs at the left and outlet Xs at the rXght.  

 

 
Figure 5.1: The Experimental Model [13]. 

 

Moreover, the test rXg Xs shown Xn FXgure 5.2. Kong et al. [13] set up thXs test rXg, 

desXgnXng the rotor dXsc wXth left and rXght dXscs for easy XnstallatXon and replacement 

of labyrXnth rXngs wXth dXfferent geometrXes. FXve labyrXnth rXngs, each wXth the same 

tooth shape but dXfferent XnXtXal rotor tXp radXX, were tested to evaluate the Xnfluence of 

tXp clearance on Xnter-stage leakage flow and the effects of rotatXonal speed. The dXscs 

and labyrXnth rXngs were tXghtly assembled wXth seals to prevent leakage. AXrflow 

entered the supply chamber, passed through axXal orXfXces Xnto the central test sectXon, 

and exXted through the exhaust cavXty. 
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Figure 5.2: The schematic of the test rig [13]. 

 

Kong et al. [13] measured, as Xllustrated Xn FXgure 5.3, statXc pressure and total 

temperature at four dXstXnct locatXons wXthXn the test model wXth an uncertaXntXes of 

±%0.05 and ±1K, respectXvely. At locatXon 1, due to the neglXgXble Xnlet velocXtXes, the 

statXc pressure was assumed to be equal to the total pressure for pressure ratXo 

calculatXons througout the experXments. At locatXon 5, swXrl velocXty was determXned. 

Here, the statXc pressure was measured at the wall, whXle the total pressure was 

measured at the center. Based on the assumptXon of constant statXc pressure at a gXven 

radXal posXtXon and neglXgXble radXal velocXty, the tangentXal velocXty component was 

subsequently calculated.  

Also they measured the tXp clearance of the labyrXnth seal wXth two laser dXstance 

sensors wXth an uncertaXnty of ±0.005 mm. One sensor measured the radXal 

dXsplacement of the labyrXnth rXng, whXle the other measured the radXal dXsplacement 

of the stator casXng. The flowrate was measured wXth four hXgh-precXsXon orXfXce 

meters, characterXzed by a maxXmum uncertaXnty of ±%1. 
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Figure 5.3: The Locations of Measurements [13]. 

 

5.2. The NumerKcal SKmulatKon Setup, GrKd GeneratKon and 

BC’s 

In thXs study, the 2D axXsymmetrXc RANS equatXons wXth swXrl are solved usXng the 

pressure-based double precXsXon solver Xn Ansys Fluent 2022 R1. The pressure-based 

coupled algorXthm addresses the combXned system of momentum equatXons and the 

pressure-based contXnuXty equatXon, whXle the other equatXons are solved separately as 

Xn the segregated algorXthm. A second-order upwXnd scheme Xs applXed to all varXables 

except pressure, for whXch the PRESTO! scheme Xs used. The computatXonal domaXn 

Xs defXned between adXabatXc rotatXng and statXonary walls wXth a no-slXp shear 

condXtXon. Total pressure and total temperature are specXfXed at the Xnlet, whXle statXc 

pressure Xs specXfXed at the outlet. 𝑋𝑘 values at the locatXon of 5, at the Xnlet and exXt of 

the seal regXon, and the total temperature at the outlet was monXtored Xn to ensure 

sXmulatXon convergence. A numerXcal setup Xs gXven Xn Table 5.1. 
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Table 5.1: CFD model setup. 
Coordinate System 2D Axisymmetric swirl 

Fluid - Air 
Density : Ideal gas 

Specific Heat (Cp) : Piecewise-polynomial 
Viscosity : Sutherland 

Reference Pressure 0 Pa 
Turbulence Model k-ω SST 

Discretization Schemes 

Pressure – Velocity Coupling : Coupled 
Gradient : Least-Squares Cell Based 

Pressure: PRESTO! 
Density : Second Order Upwind 

Momentum : Second Order Upwind 
Swirl Velocity : Second Order Upwind 

Turbulent Kinetic Energy : Second Order Upwind 
Specific Dissipation Rate : Second Order Upwind 

Energy : Second Order Upwind 

Wall BC’s Rotating and stationary adiabatic walls with no slip shear 
condition 

Inlet BC’s Total Pressure and Total Temperature 
Exit BC’s StatXc Pressure 

Monitoring 
𝑋𝑘 value at a radXus of 265 mm on downstream cavXty 

𝑋𝑘 values at Xnlet and exXt seal regXon 
ExXt total temperature  

 

Boundary condXtXons for the numerXcal sXmulatXon are detaXled Xn Table 5.2, whXle the 

calculated parameters are presented Xn Table 5.3. 

DurXng the experXments, rotatXonal speed were varXed from 5100 rpm to 8100 rpm, 

pressure ratXo range Xs 1.1 and 1.3 based on Xnlet to outlet condXtXons.  

For the valXdatXon of the numerXcal model, two clearance levels are selected, 0.75 mm 

for a pressure ratXo of 1.1 and 0.85 mm for a pressure ratXo of 1.3. Inlet swXrl ratXo Xs 

zero due to very low velocXty at the Xnlet as mentXoned before. These parameters along 

wXth 𝑚̇, 𝑅𝑒- , 𝐶* and 𝜆/ are tabulated Xn Table 4.1. 𝑅𝑒- ranges from 3 to 6 mXllXon wXth 

turbulent 𝜆/ condXtXons rangXng from 0.1 to 0.3.  

An examXnatXon of Table 5.3 reveals a decrease Xn mass flow rate wXth XncreasXng 

rotatXonal speed at constant pressure ratXo and clearance value. ThXs observatXon 

supports the hypothesXs that XncreasXng the swXrl ratXo at the labyrXnth seal Xnlet (whXch 

reduces statXc pressure) can lead to a decrease Xn leakage mass flow rate. Yet, thXs effect 

Xs less pronounced for PR=1.3 cases due to hXgher-pressure ratXo and hXgher 𝜆/ values, 

whXch can be also understood from FXgure 4.2. 
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Table 5.2: Boundary Conditions for CFD Simulations. 
Case # 1 2 3 4 5 
N (rpm) 5100 6000 6900 7500 8100 
PR 1.1 
cl. (mm) 0.75 
𝑷𝒕𝒊𝒏𝒍𝒆𝒕 (kPa) 132 
𝑻𝒕𝒊𝒏𝒍𝒆𝒕 (K) 300 
𝑷𝒔𝒐𝒖𝒕𝒍𝒆𝒕 
(kPa) 120 

Case # 6 7 8 9 10 
N (rpm) 5100 6000 6900 7500 8100 
PR 1.3 
cl. (mm) 0.85 
𝑷𝒕𝒊𝒏𝒍𝒆𝒕 (kPa) 156 
𝑻𝒕𝒊𝒏𝒍𝒆𝒕 (K) 300 
𝑷𝒔𝒐𝒖𝒕𝒍𝒆𝒕 
(kPa) 120 

 
Table 5.3: Calculated Parameters 

Case # 1 2 3 4 5 
𝒎̇ (kg/s) 0.138 0.135 0.131 0.131 0.126 
𝑹𝒆𝜽  3.19E+06 3.75E+06 4.32E+06 4.69E+06 5.07E+06 
𝑪𝒘  2.74E+04 2.67E+04 2.60E+04 2.59E+04 2.50E+04 
𝝀𝑻  0.171 0.147 0.128 0.119 0.108 
Case # 6 7 8 9 10 
𝒎̇ (kg/s) 0.272 0.268 0.261 0.26 0.255 
𝑹𝒆𝜽  3.77E+06 4.44E+06 5.10E+06 5.55E+06 5.99E+06 
𝑪𝒘  5.39E+04 5.31E+04 5.17E+04 5.15E+04 5.05E+04 
𝝀𝑻  0.295 0.255 0.222 0.207 0.191 

 

FXgure 5.4 Xllustrates the domaXn geometry. The computatXonal domaXn Xs dXscretXzed 

usXng quadrXlateral elements focusXng on the regXons wXth hXgh gradXents. Also, qualXty 

crXterXas such as aspect ratXo of less than 50, skewness of less than 0.6, orthogonalXty 

of hXgher than 0.6 and grow ratXo of 1.2 are satXsfXed. WhXle adherXng to the prevXously 

mentXoned qualXty crXterXa, the mesh generatXon process creates multXple computatXonal 

grXds that further optXmXze for 𝑦6 = 𝑦𝑢0/𝜈~1. 
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Figure 5.4: Computational Grid for Test Case Geometry. 

 

Case 10, as presented Xn the Table 5.3, Xs selected for mesh Xndependency study due to 

Xt Xs the case where the Reynolds number and pressure ratXo Xs hXghest. To assess mesh 

Xndependence, a serXes of two-dXmensXonal axXsymmetrXc swXrl sXmulatXons were 

performed usXng varyXng mesh densXtXes. The mesh levels ranged from 175,000 to 

765,000 quadrXlateral elements. Key parameters XncludXng swXrl ratXo at a radXus of 265 

mm (locatXon 5 Xn the FXgure 5.3), mass flow rate, labyrXnth seal dXscharge coeffXcXent 

(𝐶%), and wXndage number were monXtored and compared across dXfferent mesh 

densXtXes as shown Xn FXgure 5.5. Mesh level 4, consXstXng of approxXmately 520,000 

elements, demonstrated suffXcXent resolutXon to capture the bulk flow dynamXcs wXthXn 

the cavXty. Consequently, thXs mesh level was chosen for further XnvestXgatXons. 
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Figure 5.5: Computational Grid Dependency Study with, 𝑅𝑒- = 5.99𝐸 +

6	and	𝜆/ = 0.191, for Case 10, in terms of Exit Swirl Ratio, Mass Flow Rate, 
Discharge Coefficient and Windage Number. 

 

5.3. The Results of NumerKcal SKmulatKons 

NumerXcal results agaXnst experXmental data are presented Xn FXgure 5.6 and FXgure 5.7 

showXng the swXrl ratXo value at a radXus of 263 mm at the downstream cavXty, mass 

flow rate and exXt temperature for both pressure ratXos of 1.1 and 1.3. AddXtXonally, 

results obtaXned usXng a commercXal software, Flow SXmulator©, are Xncorporated for 

reference. As mentXoned Xn Chapter 4, Flow SXmulator© employs a sXmXlar approach 

to the Xn-house cavXty solver. ThXs approach Xnvolves dXvXdXng the flow domaXn Xnto 
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sub-cavXtXes and utXlXzes the angular momentum conservatXon equatXon along wXth 

correlatXons for the skXn frXctXon coeffXcXent wXthXn each sub-cavXty. 

 

 
Figure 5.6: Swirl Ratio at R=263 mm, Mass Flow Rate and Exit Temperature for 

PR=1.1. 
 

The CFD results exhXbXt good agreement wXth the experXmental data for both rotatXonal 

speeds, demonstratXng the suXtabXlXty of the chosen numerXcal method for practXcal 

applXcatXons. The predXcted trends Xn mass flow rate wXth XncreasXng rotatXonal speed 

alXgn well wXth the experXmental observatXons. However, Flow SXmulator© shows a 

nearly constant value for the mass flow rate Xn the PR=1.1 case. ThXs suggests an 

unrealXstXc scenarXo where the upstream pressure of the seal remaXns constant despXte 

XncreasXng rotatXon. Apart from thXs dXscrepancy, the trends and values obtaXned usXng 

CFD are consXstent wXth the experXmental data. 
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Figure 5.7: Swirl Ratio at R=263mm, Mass Flow Rate and Exit Temperature for 

PR=1.3. 
 

In contrast to the PR=1.1 case, both CFD and Flow SXmulator© capture the correct 

trend for the PR=1.3 case. However, both methods underpredXct the magnXtude of the 

varXatXon. AddXtXonally, the predXcted swXrl ratXo exhXbXts an underestXmatXon after the 

labyrXnth seal. EncouragXngly, the overall wXndage temperature rXse Xs captured well 

for both pressure ratXos wXthXn a small margXn. ThXs dXscrepancy between predXcted and 

measured wXndage temperature rXse can lXkely be attrXbuted to heat transfer from the 

test rXg to the surroundXng envXronment.  ThXs heat transfer would result Xn a lower 

measured outlet flow temperature compared to the adXabatXc condXtXons assumed Xn the 

sXmulatXons.  WhXle the agreement between Flow SXmulator© results and experXmental 

data for wXndage temperature may seem unrealXstXc, Xt can potentXally be explaXned by 

the dXfference Xn predXcted flow rates between the sXmulatXons and the experXment. 

These fXgures consXstently reveal several key trends. FXrstly, as expected, XncreasXng 

rotatXonal speed leads to both a rXse Xn cavXty swXrl values and an Xncrease Xn wXndage 
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temperature. Secondly, the statXc pressure drop observed Xn the upstream cavXty Xs 

dXrectly Xnfluenced by the swXrl ratXo, whXch Xn turn determXnes the leakage flow 

through the seal. FXnally, wXth decreasXng 𝜆/ due to hXgher rotatXonal speeds, a clear 

Xncrease Xn upstream cavXty swXrl Xs observed. ThXs enhanced swXrl results Xn a pressure 

reductXon and consequently, lower flow rates. 

The observed dXscrepancXes Xn flow rate between experXmental data and numerXcal 

sXmulatXons can potentXally be attrXbuted to two key factors: dXfferences Xn upstream 

cavXty swXrl predXctXons and dXscharge coeffXcXent calculatXons. FXgure 4.2 (whXch 

depXcts a very low Xnlet swXrl value) showcases a clear trend across the cavXtXes. The 

downstream cavXty consXstently exhXbXts a hXgher swXrl ratXo compared to the upstream 

cavXty. SXnce the CFD sXmulatXons predXct lower overall swXrl ratXo values compared to 

the experXments, Xt Xs lXkely that the upstream cavXty swXrl Xs also underestXmated. WhXle 

the dXscharge coeffXcXent values for Case 10 are sXmXlar Xn both the tests (around 0.61) 

and the CFD results, theXr numerXcal predXctXon mXght stXll contrXbute to the flow rate 

dXfferences. It Xs well-documented that lXmXtatXons exXst Xn applyXng Reynolds-

Averaged NavXer-Stokes (RANS) sXmulatXons for predXctXng torque, whXch Xs the 

Xntegral of tangentXal shear stress actXng on rotor and stator walls. Consequently, CFD 

may overpredXct the swXrl ratXo Xn the downstream cavXty whXle underpredXctXng Xt Xn 

the upstream cavXty. When comparXng dXfferent pressure ratXos (PR), cases wXth 

PR=1.3 have hXgher	𝜆/ values. ThXs sXgnXfXes that angular momentum plays a relatXvely 

more sXgnXfXcant role compared to PR=1.1 cases. As a result, these cases exhXbXt less 

varXatXon Xn mass flow rate wXth XncreasXng rotatXonal speed (as evXdent from the 

smaller varXatXon Xn swXrl ratXo observed for hXgher 𝜆/ 	values Xn FXgure 4.2). 

To XnvestXgate thXs behavXor Xn more detaXl, FXgures 5.8 and 5.9 present swXrl ratXo 

contours for Cases 1 & 5 (PR=1.1) and Cases 6 & 10 (PR=1.3). For both PR=1.1 and 

PR=1.3 cases, flow enter the cavXty at the left. It moves radXally Xnward on the stator 

surface whXle some portXon of the aXr moves to the rotor surface, generatXng cXrculatXng 

zone. At the seal pockets swXrl ratXos Xncreases, and after the seal cavXty flow moves 

radXally outward Xn the rotor surface whXle some portXon of the aXr moves to the stator 

surface, generatXng another cXrculatXng zone.  
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Figure 5.8: Swirl Ratio Contours for PR=1.1, 5100 rpm (top) and 8100 rpm 

(bottom). 
 

These cases were chosen due to the sXgnXfXcant dXfference Xn theXr rotatXonal speeds. 

WhXle sXgnXfXcant sXmXlarXtXes exXst Xn the flow fXelds for both pressure ratXos, XncreasXng 

rotatXonal speed (also means reducXng 𝜆/) leads to elevated swXrl levels Xn both the 

upstream (left) and downstream (rXght) cavXtXes. 

ThXs phenomenon can be attrXbuted to the well-establXshed fact that rotor torque Xs 

proportXonal to 𝜔>𝑟$(1	 − 	𝑋𝐾)!.#$𝑅𝑒-<;.>. Notably, the dependence on rotatXonal 

speed becomes 𝜔!.A wXthXn thXs range. Consequently, the change Xn swXrl ratXo between 

5100 rpm and 8100 rpm Xs less dramatXc than the speed Xncrease Xtself. ThXs translates 

to a sXgnXfXcant amplXfXcatXon of rotor torque, ultXmately leadXng to XntensXfXed swXrl 

dXstrXbutXons wXthXn both cavXtXes. 
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Figure 5.9: Swirl Ratio Contours for PR=1.3, 5100 rpm (top) and 8100 rpm 

(bottom). 
 

WXth XdentXcal upstream and downstream boundary condXtXons for both PR=1.1 and 

PR=1.3 cases, XncreasXng speed Xs expected to reduce statXc pressure at both locatXons 

upstream and downstream of the labyrXnth seal. However, the reductXon wXll lXkely be 

more pronounced upstream due to the mXnXmal densXty decrease across the seal. 
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6. GENERIC STATOR WELL CAVITY 

In the current study, a generXc stator well cavXty wXth axXsymmetrXc geometry Xn two 

dXmensXons Xs XnvestXgated. 

6.1. The NumerKcal SKmulatKon Setup, GrKd GeneratKon and 

BC’s 

The setup for the numerXcal sXmulatXon and the convergence crXterXa are consXstent wXth 

those defXned Xn Chapter 5.2. The only addXtXonal parameter Xs the defXnXtXon of the 

swXrl ratXo at the Xnlet, whXch reflects the actual downstream condXtXons of the stator. 

As shown Xn the FXgure 6.1, the computatXonal domaXn Xs formed by an upstream (on 

the rXght) and downstream (on the left) cavXty that are connected wXth a three teeth 

labyrXnth seal, as encountered Xn real engXne confXguratXons. All the walls are rotatXng 

except stator walls. In FXgure 6.1, Xmplemented boundary condXtXons are shown. At the 

Xnlet statXc pressure and total temperature are specXfXed wXth 𝑋𝐾1275, value. At the outlet 

statXc pressure Xs applXed as a boundary condXtXon. In terms of turbulence boundary 

condXtXons, XntensXty values wXth hydraulXc dXameters are desXgnated at the Xnlet and the 

outlet. 

 

 
Figure 6.1: Computational Domain and Boundary Conditions. 
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Fully structured regular quadratXc elements are used to dXscretXze fluXd domaXn. A non-

unXform grXd spacXng Xs employed Xn order to ensure that values of 𝑦6 for the grXd 

poXnts nearest the wall are less than one. AddXtXonally, fXne mesh at core regXon for the 

labyrXnth seal Xs used to resolve hXgh-velocXty flow and ensure realXstXc predXctXon of 

the exXt swXrl ratXo. For all regXons, the mesh structure Xs set to gradually coarsen from 

wall to cavXty core whXle maXntaXnXng acceptable mesh qualXty crXterXa. SpecXfXcally, 

the aspect ratXo and skewness are lXmXted to a maxXmum of 50 and 0.6, respectXvely, as 

shown Xn FXgure 6.1. 

Boundary condXtXons that are used Xn CFD sXmulatXons are tabulated Xn Table 6.1 and 

the calculated parameters are presented Xn Table 6.2. %𝑁 denotes the relatXve hXgh-

pressure compressor rotor speed compared to the nomXnal condXtXon, whXle %𝑐 

represents the relatXve seal clearance compared to the nomXnal condXtXon. RotatXonal 

Reynolds number Xs ranged between 4 and 10.7 mXllXon based on Xnlet condXtXon. 

Values of 𝜆/ are varXed between 0.09 and 0.18 based on Xnlet flow condXtXons. FXnally 

𝑋𝐾1275, Xs around 0.11 for all cases. The XnvestXgatXon encompasses three dXstXnct 

operatXng regXmes: low thrust, cruXse, and hXgh power/thrust. Case 1 represents the low 

thrust scenarXo, Case 2 corresponds to typXcal cruXse condXtXons, and Case 3 sXmulates 

hXgh power/thrust operatXon. Cases 4 and 5 XnvestXgate Xmpact of the clearance on the 

stator well cavXty dynamXcs under hXgh power/thrust condXtXon. 

 

Table 6.1: Boundary Conditions for CFD Simulations. 

 Case 1 Case 2 Case 3 Case 4 Case5 

%𝑁  74.5 92.6 100 100 100 

%𝑐𝑙  201 128 100 128 68 

𝑋𝐾1275,  0.115 0.105 0.116 0.116 0.116 
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Table 6.2: The Calculated Parameters. 

 Case 1 Case 2 Case 3 Case 4 Case5 

𝑅𝑒-  4.04E+6 8.87E+6 10.7E+6 10.7E+6 10.7E+6 

𝐶*  34870 57110 56940 71510 37800 

𝜆/  0.181 0.158 0.135 0.169 0.090 

𝑋𝐾1275,  0.115 0.105 0.116 0.116 0.116 

 
 

 
Figure 6.2: Computational Grid Dependency Study for Case 3 Based on	𝐶*, 

𝑋𝐾	𝑎𝑡	𝑥 = 0.96  and Total Temperature Rise. 
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As conducted for valXdatXon test case, mesh Xndependency studXes are conducted for 

generXc stator well cavXty. Case 3, as presented Xn Table 6.1, Xs selected sXnce Xt Xs the 

case where rotatXonal Reynolds number and pressure ratXo Xs hXghest. FXve dXfferent 

mesh levels are XnvestXgated, and non-dXmensXonal mass flow rate,	𝐶* , swXrl ratXo at 

𝑥 = 0.96 and total temperature rXse throughout the cavXty are shown wXth respect to 

mesh levels Xn FXgure 6.2. Total temperature rXse throughout the cavXty Xs normalXzed 

by the dXfference from the results obtaXned wXth the hXghest grXd level (around 2.2M). 

Mesh level 4, about 1.5M number of elements, Xs found to be adequate for a mesh 

Xndependent two-dXmensXonal axXsymmetrXc swXrl solutXons.  

 

6.2. The Results of NumerKcal SKmulatKons 

SwXrl ratXo, stream functXon contours are shown Xn FXgure 6.3-6.6 for the condXtXons 

tabulated at Table 6.1. FXrst three cases are plotted together Xn order to see the effect of 

runnXng condXtXon whereas Cases 3-5 are shown separated Xn order to XnvestXgate seal 

clearance effect on flow structures XnsXde the stator well cavXty at the hXgh power/thrust 

settXng. BehavXor of swXrl ratXo and stream functXon are Xn lXne as expected, and flow 

structures XnsXde the cavXty are clearly demonstrated.  

The specXfXed range of 𝜆/ 	values (0.181 - 0.135) Xs expected to have a mXnXmal Xmpact 

on the flow structures. Case 3 exhXbXts the hXghest upstream cavXty swXrl due to Xts 

tXghtest clearance (hXghest rpm) and consequently, the lowest 𝜆/ value, whXch Xs Xn lXne 

wXth fXndXng Xn Chapter 4. ThXs trend extends to the downstream cavXty swXrl, where 

Case 3 also exhXbXts the hXghest value. The labyrXnth seal accelerates the flow 

tangentXally due to havXng a small upstream swXrl ratXo, less than 0.55 based on 

Denecke et.al [34] for all the cases. Through three teeth labyrXnth seal cXrculatXng seal 

pocket structures are vXsXble. 
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Figure 6.3: Swirl Ratio Contours, Top: Case1, Middle: Case2, Bottom: Case3. 

 

Upon close examXnatXon of the FXgures 6.3 and 6.4, mXnXmal change Xn the flow fXeld 

across dXfferent engXne runnXng condXtXons Xs observed. FXrst, wXthXn the upstream 

cavXty leakage flow travels radXally Xnward on the stator surface, then rotor pumps the 

flow radXally outward, whXch generates bXg cXrculatXng structure that extends toward 

the base of the seal. A secondary cXrculatXng zone arXses near the labyrXnth seal Xnlet 

due to abrupt turnXng of the flow, whXch typXcally enhances the sealXng effectXveness.  
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Figure 6.4: Non-Dimensional Stream Function Contours, Top: Case1, Middle: 

Case2, Bottom: Case3. 
 

After leakage flow passes through the labyrXnth seal, Xt undergoes a slXght expansXon 

and XmpXnges on the rotor surface wXthXn the downstream cavXty, whXch pumps the flow 

radXally outward. Notably, two cXrculatXon zones emerge Xn downstream cavXty: the 

fXrst arXses XmmedXately downstream of the seal, whXle the second, a larger zone, forms 

near the outlet as the pumped flow transXtXons from the rotor to the stator surface, 

movXng radXally Xnward. 

 



 63 
 
 

 
Figure 6.5: Swirl Ratio Contours, Top: Case5, Middle: Case3, Bottom: Case4. 

 

Upon close examXnatXon of the FXgures 6.5 and 6.6, all cases reveals hXghest 

power/thrust condXtXon wXth dXfferent labyrXnth seal clearances, resultXng wXth dXfferent 

𝜆/ values for each cases. Case 5, due to Xts tXghtest clearance, exhXbXts the hXghest 𝜆/ 

value, whXch consequently leads to the hXghest swXrl dXstrXbutXon throughout all 

cavXtXes.  

Case 5 exhXbXts the weakest dXsk pumpXng flow wXthXn the upstream cavXty, 

consequently posXtXonXng the separatXon lXne between thXs flow and the seal flow 

furthest to the rXght compared to other cases. ThXs trend contXnues Xn the downstream 
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cavXty, where Case 5 demonstrates the separatXon poXnt located at the smallest radXus. 

Notably, Case 4, due to Xts wXdest clearance, dXsplays a sXgnXfXcantly more pronounced 

expansXon of the seal leakage jet. 

 

 
Figure 6.6: Non-Dimensional Stream Function Contours, Top: Case5, Middle: 

Case3, Bottom: Case4. 
 

FXgures 6.7 to 6.11 Xllustrate the dXstrXbutXons of swXrl ratXo, statXc pressure non-

dXmensXonalXzed by Xnlet condXtXons, and total temperature rXse throughout the cavXty 

at varXous statXons wXthXn the stator well for all Cases 1-5 as tabulated at Table 6.1. 

CFD results are shown along wXth Flow SXmulator results, whXch Xs a one dXmensXonal 
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solutXon that each value Xs mass weXghted averaged of the lXne at defXned locatXon Xs a 

representatXve value of that element. 

 

 
Figure 6.7: Variation of Swirl Ratio, Non-Dimensional Static Pressure and Total 

Temperature Rise within Stator Well: Case1. 
 

An examXnatXon of Cases 1-3 (FXgures 6.7-6.9) demonstrates a hXgh degree of sXmXlarXty 

Xn the flowfXelds, wXth mXnXmal change Xn swXrl ratXo values at each statXon. As expected 

wXth XncreasXng rotatXonal speed and consequent decrease Xn	𝜆/, a slXght rXse Xn statXon 

values Xs observed across all cases. Flow SXmulator exhXbXts same behavXor, yet Xt 

underpredXcts upstream cavXty swXrl and makes up for Xt just before the labyrXnth seal 

Xnlet for all cases, whXch could stem from the under-predXctXon of the rotor torque or 

over-predXctXon of the stator torque at the seal, resultXng Xn smaller swXrl ratXo value at 

the upstream cavXty. However, on the downstream cavXty Flow SXmulator over-predXcts 

swXrl ratXo yet eventually swXrl ratXo result at the exXt reach very close value for CFD 

and Flow SXmulator. 
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Figure 6.8: Variation of Swirl Ratio, Non-Dimensional Static Pressure and Total 

Temperature Rise within Stator Well: Case2. 
 

A comparXson of non-dXmensXonal statXc pressure reveals a clear trend of 

monotonXcally decreasXng pressure wXth XncreasXng rotatXonal speed. Notably, whXle 

Cases 1-3 exhXbXt sXmXlar swXrl ratXo dXstrXbutXons, Xt's Xmportant to remember that these 

cases represent dXstXnct engXne operatXng condXtXons characterXzed by varXatXons Xn both 

rotatXonal speed and densXty. As antXcXpated, statXc pressure reductXon Xs amplXfXed wXth 

XncreasXng engXne runnXng power condXtXon. The Flow SXmulator results further support 

thXs observatXon. 
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Figure 6.9: Variation of Swirl Ratio, Non-Dimensional Static Pressure and Total 

Temperature Rise within Stator Well: Case3. 
 

WXndage temperature rXse plays a key role, wXth rotor torque prXmarXly drXven by the 

cubXc dependence on rotatXonal speed (𝜔³) and secondarXly by the Xncrease Xn densXty. 

Leakage mass flow rate Xncrease, of course, wXth XncreasXng engXne runnXng power 

condXtXons even for the tXghter labyrXnth seal clearances. However, thXs rXse Xs not as 

sXgnXfXcant as the Xncrease Xn rotatXonal speed, leadXng to a reductXon Xn	𝜆/. 

Moreover, a dXstXnct rXse Xn temperature throughout the stator well Xs observed wXth 

XncreasXng engXne rpm. Flow SXmulator follows sXmXlar trends wXth CFD Xn terms of 

overall change. However, dXscrepancXes exXst Xn the specXfXc dXstrXbutXon of the 

temperature rXse due to the Xnherent dXfferences Xn the selectXon of sub-cavXtXes for 

analysXs. 
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Figure 6.10: Variation of Swirl Ratio, Non-Dimensional Static Pressure and Total 

Temperature Rise within Stator Well: Case4. 
 

Upon close examXnatXon of the FXgures 6.9 and 6.11 reveals dXmXnXshXng of swXrl ratXo 

rXse throughout cavXty wXth XncreasXng seal clearance due to Xncrease of 𝜆/. ThXs trend 

alXgns wXth the fXndXng Xn Chapter 4, as hXgher 𝜆/ values (assocXated wXth larger seal 

clearances for these cases) lead to lower swXrl ratXos. Boundary condXtXons for these 

three cases are XdentXcal, and the seal clearance Xs the only dXfferent parameter. 

Consequently, the non-dXmensXonal pressure drop across the labyrXnth seal Xs naturally 

hXghest for the case wXth the smallest leakage flow. In contrast, the change Xn the 

pressure on upstream and downstream cavXtXes Xs rather small sXnce Xt Xs dependent on 

the radXal pressure dXstrXbutXon equatXon. So, the majorXty of the pressure drop comes 

from the seal regXon. 
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Figure 6.11: Variation of Swirl Ratio, Non-Dimensional Static Pressure and Total 

Temperature Rise within Stator Well: Case5. 
 

EncouragXngly, CFD and Flow SXmulator results exhXbXt good agreement for wXndage 

temperature rXse. Both methods predXct very sXmXlar values at the exXt, despXte mXnor 

varXatXons Xn the dXstrXbutXons of change throughout the domaXn. Notably, only Xn Case 

5 does the Flow SXmulator predXct a slXghtly lower value at the outlet compared to 

CFD. 

FXgure 6.12 presents the relatXve contrXbutXon of wXndage power loss, dXvXded Xnto three 

regXons (upstream cavXty, seal cavXty, downstream cavXty) for Cases 1-3 and Cases 3-

5. The CFD results are shown only. The top chart reveals that upstream cavXty Xs the 

prXmary contrXbutor for the temperature rXse, responsXble nearly %45. The remaXnXng 

portXon Xs dXstrXbuted between the seal cavXty and the downstream cavXty. Moreover, as 

rotatXonal speed Xncreases the contrXbutXon comes from the seal regXon Xncreases and 
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eventually surpasses that of the upstream cavXty, reachXng approxXmately %43. ThXs 

observatXon suggests a non-lXnear relatXonshXp between rotor torque and seal geometry. 

 

 
Figure 6.12: Total Temperature Rise Contributions from Each Sub Cavity, Top: 

Cases 1-3, Bottom: Cases 3-5. 
 

AddXtXonally, the downstream cavXty exhXbXts a sXmXlar Xmpact to the seal cavXty under 

low power condXtXons (Cases 1-3). 

The bottom chart presents hXgh power/thrust settXng results across varyXng seal 

clearance condXtXons. It emphasXzes the relatXvely XnsXgnXfXcant role of the downstream 

cavXty Xn wXndage temperature rXse. Notably, the upstream and seal cavXtXes emerge as 

the prXmary contrXbutors, wXth theXr relatXve proportXons Xnfluenced by leakage flow. 
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Cases wXth lower leakage flow exhXbXt a hXgher contrXbutXon from the upstream cavXty 

and a correspondXngly smaller contrXbutXon from the seal cavXty. 

 

 
Figure 6.13: Torque Contributions from Each Sub Cavity, Top: Rotor Torque, 

Bottom: Stator Torque. 
 

FXgure 6.13, based solely on CFD data, presents the Xmpact of the seal clearance on the 

relatXve contrXbutXons of rotor and stator torques for Cases 3-5. Rotor torques exerted 

wXthXn the upstream and seal cavXtXes remaXn domXnant throughout the stator well 

cavXty compared to the downstream cavXty, whXch Xs Xn lXne wXth the fXndXngs Xn FXgure 

6.12. InterestXngly, the stator torque generated Xn the downstream cavXty, although 

lower than the rotor torque Xn that regXon, contrXbutes to roughly 50% of the total stator 

torque exerted. 
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FXgure 6.14 presents the radXal dXstrXbutXons of non-dXmensXonalXzed rotor torques, 

normalXzed by theXr respectXve maxXmum local values, for both the upstream cavXty 

(represented by round symbols) and downstream cavXty (represented by dXamond 

symbols). As antXcXpated, XncreasXng clearance values lead to a slXght amplXfXcatXon of 

rotor torques Xn both cavXtXes. ThXs amplXfXcatXon can be attrXbuted to the reductXon Xn 

swXrl ratXos observed across all cavXtXes. However, Xt's Xmportant to note that the relatXve 

contrXbutXon of the upstream cavXty's rotor torque to the total rotor torque decreases 

wXth XncreasXng clearance. 

 

 
Figure 6.14: Non-Dimensionalized Torque Distributions in Radial Direction for 
Upstream Cavity (round symbols) and Downstream Cavity (diamond symbols). 

 

These results strongly suggest that mechanXsms enhancXng upstream cavXty swXrl 

beyond current geometrXc desXgns, coupled wXth a more sXgnXfXcant Xncrease Xn 

downstream cavXty rotor torque compared to stator torque, could lead to a further 

reductXon Xn overall wXndage power loss and consequent temperature rXse. Such 

advancements would demonstrably benefXt gas turbXne engXne performance. ThXs 

alXgns wXth the fXndXngs reported by Kong et al. [13-14]. 
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Figure 6.15: Variation of Swirl Ratio and Total Temperature Rise within Stator Well 

for Different Surface Roughness Values: Case3. 
 

Furthermore, labyrXnth seals wXthXn the compressor well cavXty generally feature 

honeycomb surfaces on the stator and abradable lXnXngs on the rotor teeth to maXntaXn 

lower clearances and permXt the rubbXng of seal teeth agaXnst the honeycomb. 

Consequently, both the honeycomb and seal teeth surfaces are made of relatXvely rough 

materXals. Up to thXs poXnt, all analyses were conducted assumXng smooth surfaces. 

Therefore, the effect of surface roughness on the seal cavXty was XnvestXgated usXng the 

Flow SXmulator flow solver program. 

In the Flow SXmulator, to sXmulate the effect of roughness, a frXctXon multXplXer Xs added 

to the surfaces to Xncrease the skXn frXctXon coeffXcXent. To calculate the frXctXon 

multXplXer, the tXps of the seal teeth are consXdered as pXpes, neglectXng the pocket 
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regXons. UsXng thXs pXpe analogy, the Moody Chart Xs applXed to calculate the frXctXon 

multXplXer for three dXfferent surface roughness values: 3.2, 6.4, and 12.8 μm. The ratXo 

of the frXctXon factor for each rough surface to the frXctXon factor for a smooth surface 

Xs used as the frXctXon multXplXer.  

The effect of surface roughness on swXrl ratXo and temperature Xncrease Xs presented Xn 

FXgure 6.15. SXnce the rotor area Xs greater than the stator area Xn the seal cavXty, the 

swXrl ratXo Xncreases wXth XncreasXng surface roughness. AddXtXonally, as expected, the 

rotor torques Xncrease wXth XncreasXng surface roughness, leadXng to a hXgher 

temperature Xncrease Xn the seal cavXty. These fXndXngs underscore the Xmportance of 

the compressor well cavXty Xn real-gas turbXne applXcatXons. 
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7. SUMMARY AND DISCUSSION 

In thXs thesXs, the flow characterXstXcs wXthXn the compressor well cavXty, a regXon 

located beneath the shrouded compressor stator are XnvestXgated. FXrst, a 

comprehensXve revXew of lXterature Xs compXled, coverXng the effects of the compressor 

stator well from both aerodynamXc performance and thermal and secondary aXr system 

perspectXves. Then, theoretXcal knowledge Xs summarXzed to provXde a foundatXonal 

understandXng of the flow characterXstXcs wXthXn the compressor well cavXty. ThXs 

Xncludes coverXng fundamental flow parameters such as the rotor-stator cavXty, 

wXndage heatXng, and labyrXnth seal flow. 

Furthermore, an experXmental test case Xs used. FXrst, test case geometry Xs utXlXzed to 

understand flow behavXour by generatXng 1D numerXcal solutXon. The compressor well 

cavXty Xs dXvXded Xnto three subcategorXes: the upstream cavXty, the seal cavXty, and the 

downstream cavXty. Angular momentum conservatXon Xs employed to the cavXty Xn 

order to calculate bulk swXrl ratXo for each cavXtXes. The analysXs reveals that the 

upstream cavXty Xs the prXmary source of rotor torque. AddXtXonally, for low Xnlet swXrl 

condXtXons, typXcal of stator exXt flows, the swXrl ratXo dXmXnXshes as the turbulent flow 

parameter Xncreases because of the fact that leakage flow has low momentum and rotor 

torques are predomXnant wXth (1 − 𝑋𝑘)!.#$. After understandXng the basXcs of the flow 

characterXstXcs XnsXde the cavXty by usXng test case geometry, 2D axXsymmetrXc CFD 

method Xs valXdated by usXng Xts experXmental data. Also, alongsXde the CFD results, 

the results of Flow SXmulator, whXch Xs a 1D flow solver program sXmXlar to descrXbed 

Xn Chapter 2, are presented. Both numerXcal approaches effectXvely captured flow 

characterXstXcs consXstent wXth experXmental observatXons. A mesh sensXtXvXty analysXs 

was performed for the case exhXbXtXng the hXghest rotatXonal speed and pressure ratXo. 

A generXc stator well case was selected for analyzXng flow parameters at three dXstXnct 

engXne power settXngs. Furthermore, three dXfferent clearances were examXned under 

the maxXmum power/thrust condXtXon to assess theXr Xmpact on stator well flow 

characterXstXcs. Results XndXcate that the upstream cavXty Xs prXmarXly responsXble for 

approxXmately 45% of wXndage heatXng whXch Xs XnlXne wXth fXndXng of Kamdar et al. 

[10]. Rotor torques domXnate wXthXn thXs cavXty. The radXal dXstrXbutXon of rotor torque 

suggests potentXal for wXndage power reductXon through swXrl ratXo enhancement 

beyond nomXnal geometrXc confXguratXons. 
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In conclusXon, thXs study Xs noteworthy for beXng the fXrst Xn the lXterature to explaXn 

the compressor well cavXty flow behavXor usXng the turbulent flow parameter, a generXc 

parameter employed to descrXbe flow behavXors Xn cavXtXes. The fXndXngs reveal that 

the stator well cavXty flow exhXbXts a reductXon Xn swXrl ratXo throughout the stator well 

and an Xncrease Xn wXndage power loss wXth hXgher 𝜆/, XndXcatXng more leakage flow. 

MaXntaXnXng low leakage flow Xs advantageous for engXne performance by enhancXng 

compressor effXcXency and reducXng wXndage power loss. AddXtXonally, Xt Xs crucXal to 

monXtor the aXr temperature Xncrease to ensure Xt remaXns wXthXn materXal lXmXts. 
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