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ABSTRACT 

 

 

INVESTIGATION OF POWER TURBINE CASING THERMAL 

ENVIRONMENT USING ONE DIMENSIONAL THERMAL-FLUID 

NETWORK SOLVER 

 

 

The gas turbine engine operates in high-temperature, instantly changing power 

demand and various atmospheric conditions. Therefore, turbine inlet temperature and 

material selection are among the most critical parameters to maintain its integrity and 

satisfy power output. However, the higher the turbine inlet temperature is, the less 

operational time is. Thus, cooling the engine components is crucial regarding the 

durability, integrity, and reliability of both rotating and structural parts and for controlling 

blade tip clearances. In addition, thermal and secondary air systems design collectively 

play a key role in the successful case cooling, as they determine the heat load and cooling 

flow distribution. The first tool of engineers for an initial concept design is a 1D simulation 

to create a new cooling system. However, this step can be challenging for designers due to 

the absence of a 1D modeling methodology in the literature. Therefore, this paper aims to 

present a 1D network modeling methodology for any turbine geometry at the preliminary 

design stage. In this sense, a test campaign is carried out to obtain the temperature 

distribution of a generic power turbine casing using thermocouples and pressure sensors. In 

addition, a 1D thermo-fluid steady-state model is established. The results of the model are 

validated against test data. Additionally, a sensitivity analysis is performed, which helps to 

determine critical geometric locations for the base model and to measure how the model is 

affected by boundary conditions. Furthermore, another casing geometry with a different 

cooling system is designed to examine temperature distribution variation on the casing by 

changing the conduction path of components. Finally, comprehensive comparisons of the 

geometries with advantages and disadvantageous are considered, and the result of the 

sensitivity analysis is evaluated. 
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ÖZET 

 

 

GÜÇ TÜRBİNİ MUHAFAZASININ TERMAL ORTAMININ BİR 

BOYUTLU TERMAL-AKIŞ AĞ ÇÖZÜCÜSÜ İLE İNCELENMESİ 

 

 

Bir gaz türbinli motor, yüksek sıcaklıkta anında değişen güç talebine ve çeşitli 

atmosferik koşullarda çalışacak şekilde tasarlanır. Bu beklentiler göz önünde 

bulundurulduğunda türbin giriş sıcaklığı ve malzeme seçimi, motorun bütünlüğünü 

korumak ve istenilen gücü elde etmek için en kritik parametreler arasındadır. Ancak türbin 

giriş sıcaklığı ne kadar yüksek olursa motorun ömrü o kadar kısa olur. Bu nedenle motor 

bileşenlerinin soğutulması hem dönen hem de sabit parçalarının dayanıklılığı, bütünlüğü, 

güvenilirliği ve kanat ucu açıklıklarının kontrol edilmesi açısından çok önemlidir. Ek 

olarak, termal ve ikincil hava sistemi tasarımı ısı yükünü ve soğutma havası dağılımını 

belirledikleri için güç türbini muhafaza soğutmasında önemli bir rol oynar. Konsept 

tasarımı aşamasında yeni bir soğutma sistemi oluşturmak için mühendislerin ilk danıştığı 

araç bir boyutlu simülasyon programlarıdır. Ancak literatürde uygun bir boyutlu 

modelleme metodolojisinin bulunmaması nedeniyle bu adım tasarımcılar için zorlayıcı 

olabilir. Bu tez, ön tasarım aşamasındaki herhangi bir türbin muhafaza geometrisi için bir 

boyutlu ağ modelleme metodolojisi sunmayı amaçlamaktadır. Bu anlamda, sıcaklık ve 

basınç sensörleri kullanılarak bir güç türbini muhafazasının sıcaklık dağılımını elde etmek 

için bir test kampanyası yürütülmüştür. Kurulan bir boyutlu model, testin kararlı noktaya 

ulaştığı andaki sonuçlarına göre doğrulanmıştır. Ayrıca, bir boyutlu modelin kritik 

geometrik konumların belirlenmesine ve modelin sınır koşullarından nasıl etkilendiğinin 

ölçülmesine yardımcı olan bir hassasiyet analizi gerçekleştirilmiştir. Ek olarak, bileşenlerin 

iletim yollarını değiştirerek muhafaza üzerindeki sıcaklık dağılımının nasıl değiştiğini 

incelemek için farklı bir soğutma sistemine sahip yeni bir muhafaza geometrisi 

tasarlanmıştır. Son olarak, duyarlılık analizinin sonuçları değerlendirilmiştir ve önerilen 

geometrinin avantajları ve dezavantajları ele alınmıştır. 
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1. INTRODUCTION 

 

 

Turbomachinery has a prominent role in aviation, defense, and power generation 

industries that require high technology and complex integration of multidisciplinary 

expertise. In order to improve the current technology to higher level, consolidation of the 

disciplines has been revolved around some rules throughout the history. One of the most 

distinguished rules is a thermodynamic cycle, called Brayton Cycle.  

 

Brayton cycle is an open thermodynamic cycle that includes the main components of 

any turbomachine which are compressor, combustion chamber, and turbine. These 

components are mounted on the same shaft and constitute the whole cycle, shown in 

Figure 1.1. 

 

 

Figure 1.1. A schematic of an open Brayton cycle. 

 

 

In the cycle, the fresh air, or ambient air, enters the compressor and the pressure of 

the air as well as temperature increases due to work done by the compressor from 1 to 2. 

The temperature of the compressed air is increased in the combustion chamber with 

additional fuel on the system (between 2 and 3). After here, the hot gas enters the turbine 

stage, and some part of the inherent energy of the air is converted to produce work output 

while other part is used to produce exhaust gases, in other word thrust (3-4). 
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The characteristic of the turbomachine is shaped by adding additional modules on the 

cycle according to the demands of the platforms. Namely, thrust and shaft output 

percentages can be controlled thanks to additional modules. Within the scope of the thesis, 

a turbomachine that require high work output instead of thrust is considered. 

 

A power turbine (PT) is optimized to produce shaft power rather than jet thrust. In 

concept, a power turbine is an additional module to any gas turbine providing an extra 

expansion to extract heat energy from the exhaust and convert it into output shaft power. 

Power turbines are commonly used in applications that require a sustained high-power 

output, high reliability, small size, and lightweight. These include helicopters, auxiliary 

power units, tanks, ships, boats, hovercraft, and stationary equipment. 

 

A power turbine engine may be made up of two significant parts; the 'gas generator' 

and the 'power generator.' The gas generator consists of the compressor, combustion 

chambers with igniters and fuel nozzles, and one or more turbine stages. The power 

generator consists of additional turbine stages, a gear reduction system, and the shaft 

output. The gas generator creates hot expanding gases to drive the power generator. 

Depending on the design, the engine accessories may be driven either by the gas generator 

or the power section. The sections constructing a power turbine are shown in Figure 1.2. 

 

 

Figure 1.2. A schematic power turbine. 



3 

 

Air in the engine is separated two categories depending on its function: Primary flow 

and Secondary flow. The primary flow produces jet thrust or shaft power, and the 

secondary flow is used for other requirements. 

 

The air extracted from the compressor stage for cooling components pressurized the 

internal region to balance engine aero and bearing loads, ensuring sealing between regions 

like rotor-stator cavities, clearance control, and ventilation of the sump region to avoid any 

fire risk is called secondary flows. The entire system driven by the secondary flows is 

known as Secondary Air System (SAS). In addition to these functions, the SAS flow can 

be used for customer services and anti-icing systems. This flow has no contribution to the 

thrust. Such air flows are fed from the compressor flow being relatively cold and high 

pressure. Then, it is distributed to the turbine SAS flow path as the sink. Throughout the 

path, the flow interacts with many components like labyrinth seals, rotor-stator cavities, 

orifices, and other types of restrictions [1]. 

 

The cooling of a PT Casing is an essential phenomenon for an engine in terms of 

durability, integrity, reliability, and blade tip clearance control. Therefore, thermal 

management and Secondary Air System design of the engine play a crucial role in the 

efficiency of the turbine. The uniform temperature distribution through the casing is 

provided with a carefully designed thermal and SAS environment. 

 

Many OEMs widely accept the use of multi-dimensional computational software to 

design thermal and SAS networks because of their robustness and reliable outcomes. In 

addition, the software eliminates the necessity of experiments that are time-consuming and 

involves a fair amount of labor force. Modeling the system in a computer medium 

therefore is a convenient solution. 

 

This thesis proposes a 1D thermo-fluid network methodology for thermal system 

designers at the preliminary design stage. Subsequently, the network results are compared 

with the engine test result carried out in a campaign. Moreover, a sensitivity analysis is 

performed to figure out the critical parameters affecting the thermal gradient on solid parts 
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and the internal pressure of the casing. Finally, a geometric improvement of the current 

geometry is offered to reduce the conduction effect between components and increase the 

cooling capability of the engine. 

 

Chapter 2 consists of a literature review on one or more dimensional modeling of 

turbomachinery. Chapter 3 includes the objective of the thesis. Details of the test campaign 

is given in Chapter 4, followed by brief information about Flow Simulator and details of 

the modeling methodology in Chapter 5. The test and model results are compared in 

Chapter 6 including boundary condition and heat transfer coefficient values. In the same 

chapter, sensitivity analysis and geometric improvement are presented. Lastly, Chapters 7 

comprises of Conclusion. 
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2. LITERATURE 

 

 

The literature has had several studies which enlightened one and more dimensional 

modeling approaches in past years. In addition, the approaches have been enriched with 

coupling strategies, test campaigns, and computational methodologies. Package software 

programs have taken a crucial part in these studies while these works have been done.  

 

 Thorpe et al. [2] evaluated the impacts of rotor tip leakages on a transonic axial 

turbine casing, finding major factors affecting heat loads and heat transfer. The paper was 

constructed on an engine-representative experimental setup and supported by a time-based 

numerical model in order to clarify the aerothermal mechanism in the casing. The 

experimental results indicated that axial span between 35-60% at the rotor tip leakage is 

the dominant criterion affecting above 50% of casing heat transfer since the flow is 

stagnated in that span range. The temperature hence is increased. 

 

Dann et al. [3] commissioned a new test facility to investigate the displacement of a 

high-pressure turbine casing under different external cooling conditions affecting rotor tip 

clearance. This facility also could evaluate different geometry to assess the cooling 

characteristic of the casing and control rotor tip clearances. The casing's displacement and 

temperatures were traced with sensors and thermocouples. An external heat source is used 

to simulate the actual engine temperature. At the end of the test, the test setup approached 

the engine operation temperature and showed that it could be allowed for the operation of 

different heat load conditions and case cooling being similar to engine level. 

 

In another study, Dann et al. [4] created a full-scale test rig for a high-pressure 

turbine and compressor casing air system to figure out SAS flow impingement effects on 

the casing transient heat transfer mechanism. First, steady-state RANS analysis was run for 

two types of arrays to determine an efficient impingement array. Then, the 3D Unsteady 

Conjugate Heat Transfer model was analyzed for metal casing thermal distribution using 
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designed impingement arrays. Finally, the experimental results were compared with CFD 

regarding heat transfer coefficient. 

 

Wang et al. [5] numerically investigated the temperature distribution of a combined 

cycle power plant's intermediate pressure turbine inner casing to find out the factors 

affecting the working life. The fluid side and heat transfer solutions were separately 

considered. The former side is that the 1D analytical method was used and the latter is that 

steady-state and transient solutions for the solid parts of the plant were calculated based on 

the results taken from the fluid side using 2D finite element method. Five different cap 

clearances between the outer and inner casing were altered from 0.01 mm to 0.5 mm to 

investigate temperature distribution. General assumptions were that the steam temperature 

was fixed, radiation was neglected, and conduction in steam was ignored. The study 

revealed that the leakage flow rate increased when the cap went up. The inner casing's 

average temperature reduced as the clearance decreased at the steady-state condition and 

thermal loads reached their maximum points at the transient condition. Then, the authors 

concluded that steam cooling was an effective solution to enhance the operational 

capability, increase durability and avoid thermal fatigue and creep. 

 

Pilkington et al. [6] investigated the non-uniform cooling of the combustor casing 

when the engine was shut down. Because of the natural convection at the outer side, the 

inner side cools faster. Therefore, the cooling distorts the casing, affects blade tip 

clearance, and leads to rubbing. Due to these consequences, the dominant factor was the 

local temperature difference at the casing. Therefore, the author proposed two active 

natural convection controlling systems instead of a passive one (meaning baseline model): 

Purging air and air extraction. The former system did not eliminate the nonuniformity; 

however, the latter gave more uniform heat flux over the casing, decreasing the distortion. 

First, a transient CFD model for baseline geometry was established to achieve this 

conclusion, and the results were validated with test results. Then, CFD models for the 

proposed systems were conducted.  
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In another study, Muller [7] created a somewhat new SAS topology that directly 

integrates the 1D SAS network into the thermomechanical mesh setup. Thanks to this 

advanced approach, the author established a thermomechanical-fluid coupling process for a 

low-pressure turbine rotating at 14000 RPM using a commercial finite element software 

CalculiX and the new topology was also implemented to the CalculiX since it did not 

inherently possess this topology. An in-house program belonging to MTU Aero Engine, 

Flowmaster, was used to verify the new topology because the Flowmaster results had also 

been verified. Overall, the coupled model results calculated by CalculiX were well 

matched. The CalculiX results were also contrasted with the MTU SAS tool for mass flow 

rates, QTRAN for thermal, and ABAQUS for structural models while considered as a 

standalone model, and it confirmed once again that the topology appropriately worked with 

CalculiX. 

 

In a similar study to the previous one, Tondello et al. [8] worked on a coupling 

process between SAS and the structural model to determine the temperature distribution of 

a gas turbine disk and labyrinth seal behavior throughout the operation envelope. This 

study was conducted on Flowmaster V7 for 1D SAS flow simulation and ANSYS for the 

3D structural model at 22600 rpm nominal rotational speed. Flowmaster V7 inherently 

possesses a cavity solver using angular momentum conservation, torque balance, and swirl 

solver. Furthermore, the disk was divided into multiple solid domains, and each domain 

corresponded Flowmaster cavity. Hence, the parameters were linked between 1D and 3D 

models. Finally, the coupling process's convergence was viable, with less than 1% error. 

  

Caty [9] created a FEM model that includes a thermal and SAS model for a triple-

spool turbofan engine, to figure out how it reacts in different working conditions and the 

pros and cons of the two-spool engine configuration. While pre-processing, boundary 

conditions were taken from reliable performance cycle data, and the geometry was defined 

with engine representative inputs. During the analyses, PATRAN which is a commercial 

software for meshing and FLUID which is an in-house code owned by SNECMA for 

computation, were used. Afterward, various operating conditions such as take-off, cruise, 

deteriorated engine, and failure cases were also investigated to ensure the robustness and 
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reliability of the model. The results indicate that the created model can be adopted to 

further studies. 

 

To decrease the computational time of the analyses, Alizadeh et al. [10] created a 1D 

model of turbine blades' internal cooling passages because the 3D model has a higher 

computational time. First, an in-house flow network solver was used to solve the complex 

internal blade geometry. An essential assumption was that the wall temperatures were 

selected as a fixed temperature, 850 K, for the sake of simplicity. Then, heat transfer and 

mass flow distribution were the model's outputs. Another aim of this study was to obtain 

the boundary condition of coolant for conjugate heat transfer analysis. However, there 

were no existing experimental literature data for similar cases for validation. Therefore, the 

constructed model was validated by using CFD results in the literature that are all 

validated. Furthermore, sensitivity analyses were carried out to determine the effect of 

coolant mass flow rate on wall temperature, inlet temperature, and corresponding 

efficiency variation. The result shows that the developed model was well enough when 

compared to referenced data, and also these results could be used for other typical blade 

geometries. In addition, coolant mass flows had less influence on wall and inlet 

temperature. Yet, coolant inlet temperature significantly affected efficiency, such that a 

100 K increment in the temperature decreased 6.5% of convective efficiency. 

 

Ganine et al. [11] studied on heterogeneous coupled model of a 1D SAS flow 

network in SPAN software using a quasi-steady approximation and unsteady thermo-

mechanical 2D/3D model for engine parts in SC03. A 2D axisymmetric model of an 

intermediate-pressure turbine was used for analysis. The simulations were compared with 

intermediate pressure turbine experimental data on commercial turbofan engines and 

neglected coupling effects. The applied heterogeneous approach could predict mass flow 

rates, running clearances, temperatures, and pressures throughout the time-based operation 

envelope.  

 

Ba et al. [12] conducted a coupled aero-thermal throughflow method regarding film 

cooling effects on blade temperature. The authors compared the method with the 
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experimental data of the NASA-C3X. The results showed that the comparison was agreed 

well, and the new method can be used to call for the blade wall temperature and determine 

the necessity of cooling flow budget at the preliminary design stage. 

 

For the same engine component mentioned above in the previous study, Collins et al. 

[13] conducted a comprehensive film cooling study, including design, numerical modeling, 

and experimental test for an unshrouded high-pressure rotor casing. Because the casing is 

exposed to varied thermal load while working, adequate cooling of this region has a crucial 

impact on maintaining the engine's integrity, endurance, and performance. In this study, 

two different film cooling hole arrays, which differ in circumferential space, were carried 

out. First, an engine representative test campaign belonging to the Oxford Turbine 

Research Facility was used. Then, an uncertainty study for experimental results covering 

Nu and temperature variations was interpreted. For CFD analysis, 3D full-sector transient 

model was analyzed with ANSYS Fluent. In addition, the flow that passes through 

between the rotor tip and the casing was also evaluated concerning acoustic characteristics. 

At the end of the paper, the authors claimed that the simulation and experimental results 

are similar, film cooling could be an active solution for cooling the rotor under 

intermediate cooling mass flow rates condition, and the acoustic character of the tip region 

should be considered due to affect mass flux at the tip region. 

 

Jalali et al. [14] generated a code that comprises 1D heat transfer predictions and 

fluid flow in turbine cooling passages. In code, 1D conservation equations, HTC 

correlations, and friction factor correlations were embedded. The solver result was 

validated with 3D CFD analysis and experimental data, and the 1D solver errors were less 

than 1.1% for pressure, temperature, and mass flow against CFD. 

 

Hunt et al. [15] proposed a new approach called Implicit Conjugate Heat Transfer 

(CHT) to minimize simulation costs in analyzing the thermal fluid 1D coupled model. 

While the traditional explicit approach solves the 1D fluid model and uses the outputs as 

inputs for the 1D thermal model, or vice versa, and this iterative loop continues until it 

converges, the implicit approach provides functions for each element, which brings fast 
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convergence, high fidelity, and less computational work. In this study, the authors first 

tried this method on a simple duct flow and compared the results in the analytical model, 

1D solid and 1D fluid CHT model, and 1D fluid 3D solid CHT model in Simcenter 

Flowmaster. The outcomes of these comparisons regarding solid and fluid temperatures 

were in good agreement. Afterward, this approach was imposed on a rotor-stator cavity. To 

demonstrate CHT model fidelity, they solved the cavity in two ways: Implicitly and 

explicitly. The results show that the implicit CHT model in Flowmaster converged more 

smoothly and rapidly than an explicit segmented model. In conclusion, the CHT approach 

provides high consistency and is helpful for preliminary design. 
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3. OBJECTIVE 

 

 

3.1. Gaps in Literature 

 

The current literature that is mentioned above section shows the last point that is 

reached relating to thesis scope. But even in these studies there are several gaps. Firstly, 

there are not any study that include PT casing 1D thermo-fluid network modeling. The 

closest study was conducted by Hunt et al. [15], who modeled Implicit CHT on a duct flow 

initially and then applied the modeling methodology to rotor-stator cavity. However, the 

study includes 3D model which is main difference comparing to the thesis. Secondly, most 

modeling strategy did not address any HTC correlation or any coefficient that suit for the 

1D casing thermo-fluid modeling. Finally, some papers performed real engine or engine 

representative component tests by validating with one or more dimensional package 

software. The test in these studies was related to blade cooling mechanism and HPT or 

combustor casing. 

 

To sum up, the gaps in the literature are briefly listed below: 

• A 1D thermo-fluid network model of a PT Casing by calibrating with a real engine 

test 

• Proper HTC correlation for a 1D PT Case model. 

 

3.2. Thesis Objective 

 

The first objective of this thesis is to create a 1D thermo-fluid network for a PT 

casing in the FS at the preliminary design stage and the FS model is calibrated with an 

engine test for an operation point. The following objective is to perform a sensitivity 

analysis for the parameters that affect heat transfer and fluid mechanism. These two 

directly fill the gaps that are mentioned above. The last objective is to propose a new 

modified casing geometry in order to control the metal temperatures of the casing 

components. 
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4. TEST DETAILS 

 

 

To evaluate thermal and flow characteristic of the engine, a test campaign was 

conducted. The purpose of the test is to calibrate modeling methodologies being done at 

preliminary design stage and understand behavior of the engine while in operation 

envelope. 

 

The whole module of the engine was entirely instrumented. Yet, PT Casing 

instrumentation layout was merely evaluated because of the scope of the thesis. Figure 4.1 

shows instrumented PT Casing layout that totally consists of 72 parameters:  

 

• 18 parameters for temperature of air. 

• 30 parameters for metal surface temperature. 

• 24 parameters for static pressure. 

 

 

Figure 4.1. PT casing instrumentation layout. 

 

Uncertainty of the sensors is the most crucial factor for measurement accuracy and 

the reliability of the test. Due to these matters of facts, the sensors and the thermocouples 

must be carefully selected. While selecting the proper instrumentation, working ranges of 

the engine in terms of temperature and pressure, routing applications of the sensors inside 

the engine, and environmental conditions must be also attentively designated. Considering 

all these conditions, Type K thermocouples were used for Tmetal and Tt. The measurement 

range is 0 to 1260°C and the uncertainty is ±2.2°C or ±0.75%. For pressure sensor, the 
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measurement limit is varied depending on measurement location demand but uncertainty is 

±0.05% for all of the pressure sensors. 

 

Test cell ambient pressure and temperature are two of the most dominant parameters. 

The cell altitude above sea level must be carefully measured since it is assigned as inlet 

pressure of the engine, and the ambient temperature must be meticulously conditioned. 

Accordingly, Tamb is set to 288.15 K and Pamb is 92.5 kPa at the altitude where test 

campaign is mounted. In addition, the operation condition of the engine is Maximum Take-

Off (MTO) which Re is 194330. 
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5. ONE DIMENSIONAL MODEL 

 

 

Having discussed the experimental details, Flow Simulator theory, geometric details, 

modeling methodology, boundary conditions and finally model details will be discussed in 

the following sections. 

 

A flow network is primarily constructed on two factors to increase the accuracy of 

results: First is conservation laws which are met for each junction and flow element in the 

network; second is empirical correlations based on real engine or engine representative test 

results and special test setups. But it should not be forgotten that the correlations need to be 

improved for newly designed or an existing element. 

 

1D flow network modeling for each conduit is based on control volume analysis of 

mass, momentum, energy and entropy equations. For a compressible flow, the momentum 

equation couples with energy equation through density for the conduit, and the density is 

calculated using perfect gas equation. The most common flow elements that follow this 

modeling concept are pipe and orifice. 

 

To initiate with a pipe element, the density, velocity and area in axial direction can 

be vary from inlet to outlet. Besides, it can be divided into multiple control volume that 

decreases error and increases precision of the calculation.  For a steady-state condition, the 

mass flow yields in terms of Ma number as 

 
𝑚̇ =

𝑃𝑡,𝑢𝑝𝑠𝐴𝐶𝑑

√𝑇𝑡,𝑢𝑝𝑠

√
𝛾

𝑅

𝑀𝑎

(1 +
𝛾 − 1

2 𝑀𝑎2)

𝛾+1
2(𝛾−1)⁄

, 
(5.1) 

or it can be written in terms of pressure as 

 

𝑚̇ =
𝑃𝑡,𝑢𝑝𝑠𝐴𝐶𝑑

√𝑇𝑡,𝑢𝑝𝑠

√
𝛾

𝑅
√(

2

𝛾 − 1
)(

𝑃𝑡,𝑢𝑝𝑠

𝑃𝑠,𝑑𝑜𝑤𝑛
)

−
𝛾+1
𝛾

[(
𝑃𝑡,𝑢𝑝𝑠

𝑃𝑠,𝑑𝑜𝑤𝑛
)

𝛾−1
𝛾

− 1] , (5.2) 
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where 𝑚̇ is mass flow rate, 𝑇𝑡,𝑢𝑝𝑠 is upstream total temperature, 𝑃𝑡,𝑢𝑝𝑠 is upstream total 

pressure, 𝐴 is area, 𝐶𝑑 is discharge coefficient, 𝛾 is specific heat ratio, 𝑅 is specific gas 

constant, 𝑀𝑎 is Mach number, 𝑃𝑠,𝑑𝑜𝑤𝑛 is downstream static pressure. 

 

Pressure, shear and rotational body forces acting on the pipe control volume is 

considered while conserving linear momentum, and the steady flow linear momentum is 

given as 

 𝐹𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 − 𝐹𝑠ℎ𝑒𝑎𝑟 + 𝐹𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 = 𝑚̇(𝑣2 − 𝑣1), 

(5.3) 

 𝐹𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = (𝑃𝑠,2 − 𝑃𝑠,1)
𝐴1 + 𝐴2

2
, 

 𝐹𝑠ℎ𝑒𝑎𝑟 = (
𝐴1 + 𝐴2

2
) (

𝑓1 + 𝑓2
2

) (
𝑣1 + 𝑣2

2
) (

𝜌1 + 𝜌2

2
)

∆𝑥

2𝐷ℎ
, 

 𝐹𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 = (
𝐴1 + 𝐴2

2
) (

𝜌1 + 𝜌2

2
)𝜔2 (

𝑟2
2 − 𝑟1

2

2
), 

where 𝑚̇ is mass flow rate, 𝑣 is velocity, 𝑃𝑠 is static pressure, 𝐴 is area, 𝜌 is density, 𝑓 is 

Darcy friction factor, ∆𝑥 is axial distance between inlet and outlet, 𝐷ℎ is hydraulic 

diameter, 𝜔 is angular velocity, 𝑟 is radius, and subscripts 1 and 2 denote inlet and outlet, 

respectively. 

  

The conservation of energy in the steady pipe flow consists of heat transfer at the 

wall and work transfer due to rotation, and the relative total temperature can be computed 

as 

 𝑇𝑡,𝑟𝑒𝑙2 = 𝑇𝑡,𝑟𝑒𝑙1 + (∆𝑇𝑡,𝑟𝑒𝑙)𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛
+ (∆𝑇𝑡,𝑟𝑒𝑙)

𝐻𝑇
+ (∆𝑇𝑡,𝑟𝑒𝑙)𝐶𝐶𝑇

. (5.4) 

 

The first term in the equation is inlet relative total temperature, the second term is 

change in temperature due to rotation which is formulated as 

 
(∆𝑇𝑡,𝑟𝑒𝑙)𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛

= 𝜔2 (
𝑟2

2 − 𝑟1
2

2𝑐𝑝
), (5.5) 
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where 𝜔 is angular velocity, 𝑟 is radius and 𝑐𝑝 is specific heat, and subscripts 1 and 2 

denote inlet and outlet, respectively. 

 

The third term is change in temperature due to heat transfer and calculated, shown as 

 (∆𝑇𝑡,𝑟𝑒𝑙)𝐻𝑇
= (𝑇𝑤 − 𝑇𝑡,𝑟𝑒𝑙1)1 − 𝑒−𝜂 ;  𝜂 =

ℎ𝐴

𝑚̇𝑐𝑝
, 

(5.6) 

where 𝑇𝑤 is wall temperature, 𝑇𝑡,𝑟𝑒𝑙 is total relative temperature, 𝑚̇ is mass flow rate, 𝑐𝑝 is 

specific heat, 𝐴 is cross-section area and ℎ is heat transfer coefficient. 

 

The last term is rotational work transfer and heat transfer coupling correction term 

derived by Sultanian [1] and it is computed as, shown as 

 
(∆𝑇𝑡,𝑟𝑒𝑙)𝐶𝐶𝑇

= −𝜔2𝑟1𝜂 (
𝑟2 − 𝑟1
2𝑐𝑝

), 
(5.7) 

where 𝜔 is angular velocity, 𝑟 is radius and 𝑐𝑝 is specific heat, and subscripts 1 and 2 

denote inlet and outlet, respectively. 

 

Orifice element is the most ubiquitous element for 1D modeling [1]. It is able to use 

for restriction or metering the flow in stationary or rotating components. In concept, orifice 

element can also be presented as a short pipe. However, discharge coefficient calculation 

in the pipe element is not as advanced as orifice element. This is the most outstanding 

difference between a pipe and an orifice. While calculating proper 𝐶𝑑, the effects such as 

corner type (filler or chamfer), incidence angle, rotation, Re, and L/d ratio are considered. 

 

Any flow element in the network requires upstream and downstream chambers (or 

node), placed between two chambers. These two chambers are a must for network 

modeling since flow element takes state variables from them. Due to this requirement, 

there are two types of junctions in a flow network model: Internal junction and Boundary 

junction. 
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The internal junction is able to connect with one or more flow element. Any internal 

junction (i) in a network has to conserve continuity equation and the continuity equaiton is 

written as 

 
∑𝑚̇𝑖 = 0.

𝑛

𝑖=1

 
(5.8) 

 

To ensure energy equation, the following equaiton should be met to compute mean 

outflow total temperature as 

 
𝑇𝑡,𝑚𝑒𝑎𝑛 𝑜𝑢𝑡𝑓𝑙𝑜𝑤 =

∑ (𝑚̇1𝑇𝑡,1 + 𝑚̇2𝑇𝑡,2 + ⋯+ 𝑚̇𝑛𝑇𝑡,𝑛)
𝑖𝑛𝑓𝑙𝑜𝑤

𝑛
𝑖=1

∑ (𝑚̇1 + 𝑚̇2 + ⋯+ 𝑚̇𝑛)𝑜𝑢𝑡𝑓𝑙𝑜𝑤
𝑛
𝑖=1

. (5.9) 

 

Any 1D network model has to at least one source and one sink, and a boundary 

junction is specialized for this purpose. The state variables that are defined in this junction 

are fix. Hence, whole model solution is based on the boundary junction. 

 

5.1. Brief Flow Simulator Theory 

 

Altair Flow Simulator (FS) is an integrated 1D heat transfer, flow, and combustion 

design software that enables network-based preliminary plus detailed design and analysis 

for any thermo-fluid system design applications. The software can analyze steady-state and 

transient models [16,17]. In addition, the FS network model can be modeled as coupled or 

standalone. The FS presents extensive flow and thermal element library for users to 

establish a model.  

 

5.1.1. Flow Network Theory 

 

In the FS, a flow network must include two building blocks which are flow chambers 

and flow elements. The chambers characterize the boundaries of the model having fixed 
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thermodynamics and fluid properties. Three distinct chamber types are commonly used in 

the FS: 

 

• The plenum chamber that dissipates total quantities of entering flow by neglecting 

dynamic head to zero. 

• The momentum chamber that calculates dynamic terms including incoming flow 

direction and then, it gives a vector direction to transfer the dynamic head through 

the downstream. 

• The inertial chamber acting as momentum chamber except that it calculates fluid 

properties in stationary frame and transfers to rotating frame. 

 

A chamber is an intersection point of the flow coming and leaving from an element. 

Then, the chambers solve continuity equation and those do not permit the accumulation of 

the fluid in the chamber. The continuity equation is expressed as 

 
∑𝐹𝑙𝑜𝑤 𝐸𝑛𝑡𝑒𝑟𝑖𝑛𝑔 = ∑𝐹𝑙𝑜𝑤 𝑙𝑒𝑎𝑣𝑖𝑛𝑔. 

(5.10) 

 

Each chamber needs some certain flow inputs by users depending on its type and the 

users must enter these properties. Static pressure and total temperature are two main inputs 

for all chambers. Also, user can define swirl ratio as fixed or initial value. 

 

A flow element calculates mass flow rate, exit flow state and element derivatives 

between an upstream chamber and a downstream pressure by using empirical correlations 

and formulations. In the element library, the FS consists plenty of element options to 

properly resemble flow physics such that tube, orifice types, and seal types are the most 

common element while modeling a network.  

 

The orifice element contains different subtype orifices, and the Advanced Orifice is 

one of these types. In this thesis, the Advanced Orifice element is the only flow conduit in 
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the model since it acts like a combination of tube one orifice element. The theory of 

Advanced Orifice therefore is followingly mentioned. 

 

The most distinctive feature of the Advanced Orifice is that the users can divide the 

orifice into multiple stations and circumferential segments. Thus, these divisions give 

flexibility to the users whilst modeling segment-by-segment heat transfer phenomena. The 

Advanced Orifice needs inputs by users. The cross-section shape, length, diameter, and 

wetted perimeter are the default mandatory requirements to solve the model.  

 

The FS iteratively solves any model. Boundary chamber pressure is used as initial 

value and then, mass flow rate is calculated for each flow conduit. If the mass flow 

derivation with respect to pressure does not converge, the chamber pressure is adjusted 

until the derivation is converged. 

 

The flow chart shown in Figure 5.1 gives basic procedure of solver methodology. 

 

 

Figure 5.1. The FS simulation flow chart. 
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5.1.2. Thermal Network Theory 

 

Another capability of the FS is thermal modeling. The users can easily integrate heat 

transfer to such model whether solve thermal model as standalone or couple with flow 

network and obtain combined results. Thermal network building block comprises two main 

features which are Thermal Nodes and Thermal Resistances.  

 

There are two different thermal nodes in the FS: Boundary Thermal Node is a 

boundary node having a constant temperature value and Internal Temperature Node uses 

energy conservation equation to calculate the temperature where the heat coming from 

branches. Energy balance of the nodes is written as 

 ∑𝑞𝐿,𝑅 = 0, 
(5.11) 

where subscripts L and R denote left and right thermal nodes, respectively. 

 

Thermal resistance methodology constitutes building block of the FS thermal 

modeling. Each phenomenon being conduction, convection and radiation uses well known 

resistance equations. For conduction resistance, simple and radial resistance options are 

available to calculate heat flow rate depending on geometry, given as 

Simple resistance:  𝑞𝐿,𝑅 =
𝑘𝐴

𝑥
(𝑇𝐿 − 𝑇𝑅), (5.12) 

Radial resistance: 𝑞𝐿,𝑅 =
2𝜋𝐿𝑘

ln(
𝑟2

𝑟1⁄ )
(𝑇𝐿 − 𝑇𝑅), (5.13) 

where 𝑘 is thermal conductivity, 𝐴 is cross-section area, 𝑥 is distance between the nodes, 𝑇 

is temperature, 𝐿 is length, 𝑟2 is outer radius, and 𝑟1 is inner radius. 

 

The following equation shows convective resistance formulation used by the FS and 

it is expressed as 

      𝑞𝐿,𝑅 = ℎ𝐴(𝑇𝐿 − 𝑇𝑅), (5.14) 
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where ℎ is heat transfer coefficient, 𝐴 is surface area, T is temperature and subscripts L and 

R denote left and right temperatures. 

 

If the convector is attached to a fluid chamber rather than any thermal node, the 

convector uses relative total temperature instead of absolute total temperature [16]. 

Therefore, rotation effect on temperature of the chamber can be taken into account 

accompanied by Swirl Ratio (XK). The swirl ratio is defined as the ratio of local tangential 

velocity and absolute tangential velocity, shown as 

 
𝑋𝐾 =

𝑉𝑡

𝜔𝑟
, (5.15) 

where 𝑉𝑡 is tangential velocity, 𝜔 is angular velocity and 𝑟 is radius. 

 

If XK is zero, absolute velocity equals to relative velocity since the system does not 

include any rotating components, and hence absolute total temperature and relative total 

temperature are equivalent to each other. 

 

While calculating radiative heat transfer, Simple Radiator and Two Surface Radiator 

are used as 

Simple Radiator:  𝑞𝐿,𝑅 = σεA(𝑇𝐿
4 − 𝑇𝑅

4), (5.16) 

Two Surface Radiator: 𝑞𝐿,𝑅 =
σ(𝑇𝐿

4 − 𝑇𝑅
4)

1 − ε𝐿

ε𝐿A𝐿
+

1
F𝐿𝑅A𝐿

+
1 − ε𝑅

ε𝑅A𝑅

, (5.17) 

where σ is Stefan-Boltzmann constant, ε is emissivity, F is view factor, A is surface area, 

and L and R subscripts denote left and right. 

 

To solve Thermal Network, Newton`s method is employed to seek zero energy 

imbalance at node i, and it is formulated as 

 (∆𝑞𝑖𝑚𝑏)𝑖 = 0. (5.18) 
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Then, Newton`s method is iteratively carried out by using Jacobian matrix in which 

heat resistors are formed as 

 
∆𝑞𝑖𝑚𝑏

𝑛+1 = ∆𝑞𝑖𝑚𝑏
𝑛 + (

𝜕𝑞𝑖𝑚𝑏

𝜕𝑇
)∆𝑇. (5.19) 

The FS inherently includes heat transfer coefficient correlations that are commonly 

known from the literature for forced and free convection conditions.  

 

5.2. Geometry 

 

The OEMs use different types of casings which serve the engine functionality. 

Therefore, each engine has unique structure. In this thesis, two stage power turbine casing 

including two pair of rotor-stator is examined. After here, Stator-1 (S1) and Rotor-1 (R1) 

represent first pair of rotor-stator and Stator-2 (S2) and Rotor-2 (R2) represent second pair 

of rotor-stator. The casing cross-section geometry is depicted in Figure 5.2. The figure also 

shows station locations with their numbers and labels. 

 

 

Figure 5.2. PT casing cross-section including station numbers and labels. 

 

Material selection in the geometry is based on temperature which components face 

with. Due to this selection method, the casing and rotor-stator pairs are made from nickel 

based alloys. 
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5.3. Network Modeling 

 

Within the scope of this study, 1D network modeling approach is applied to the 

geometry. While modeling, flow network is firstly structured. Then, thermal network is 

implemented onto the flow network. The reason of separate modeling is to simply 

determine proper flow chamber and elements for the geometry, and mitigate divergence 

problem.  

 

5.3.1. Flow Network Modeling 

 

As an initial step, cavities in the geometry are specified. Secondly, types of the 

cavities are assigned whether it is boundary or internal, or momentum chamber. 

Subsequently, dynamic head of the entering flow into a cavity should be evaluated with 

respect to lose it or not. Finally, the flow chamber which suits flow physic in the cavity is 

selected, mentioned in Section 5.1.1. 

 

With this identification strategy, the attached flow chambers in the casing geometry 

are presented in Figure 5.3. While the yellow represents boundary chambers, the grey 

defines internal chambers. 

 

 

Figure 5.3. The FS flow chamber locations. 

 

Following that flow elements are imported to the network model. In here, there is a 

limitation by FS which is that only Advanced Orifice and Tube Element are allowed 
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coupling process with thermal network. Thus, Advanced Orifice is selected as flow 

element for entire model. The main reason is that the Advanced Orifice is simpler than the 

Tube element meaning that the elapsed time whilst analyzing of the former is less than the 

latter. As thinking the complexity of the model, the simple flow element chose is much 

more convenient.  

 

Advanced Orifice element has various cross-section shape option based on modeling 

geometry. The reason of multiple cross-section selection is to calculate Effective Hydraulic 

Diameter (Dh_eff). In the FS, mass flow rate is calculated depending upon Dh_eff which their 

formulation is described in Table 5.1 [18,19].  

 

Table 5.1. Effective hydraulic diameter equation with aspect ratio [18,19]. 

Shape Effective Dh Equation  Aspect Ratio (AR) 

Circle 
𝐷ℎ𝑒𝑓𝑓

𝐷ℎ
= 1 1 

Rectangle 
𝐷ℎ𝑒𝑓𝑓

𝐷ℎ
= 

2

3
+

11

24
∗ 𝐴𝑅 ∗ (2 − 𝐴𝑅) 

𝑟2
𝑟1

 

Ellipse 
𝐷ℎ𝑒𝑓𝑓

𝐷ℎ
= 1 − 0.2109 ∗ (1 − 𝐴𝑅)2 √

P2 − √(P4 − 6 ∗ π2 ∗ A2)

P2 + √(P4 − 16 ∗ π2 ∗ A2)
 

Isosceles 

Triangle 

𝐷ℎ𝑒𝑓𝑓

𝐷ℎ
=

64

48 + 11.442 ∗ 𝐴𝑅 − 6.0026 ∗ 𝐴𝑅2
 

1

[2.19 ∗ (
P2

A
)

1
3⁄

− 4.83]

1.5
 

Annulus 𝐷ℎ𝑒𝑓𝑓

𝐷ℎ
=

1 + 𝐴𝑅2 +
(1 − 𝐴𝑅2)
𝑙𝑛 (𝐴𝑅)

(1 − 𝐴𝑅)2
 

𝑟2
𝑟1

 

Arbitrary 

Shape 

𝐷ℎ𝑒𝑓𝑓

𝐷ℎ
=

√𝐴𝑅 ∗ (1 + 𝐴𝑅) ∗ (1 − (
192
𝜋5 ) ∗ 𝐴𝑅 ∗ 𝑡𝑎𝑛ℎ (

𝜋
2 ∗ 𝐴𝑅

))

0.75 ∗
𝐷ℎ

√𝐴𝑟𝑒𝑎

 
𝑃 − √𝑃2 − 16 ∗ 𝐴

𝑃 + √𝑃2 − 16 ∗ 𝐴
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As is known to all, gas turbine engine simply resembles annular geometry. 

Therefore, “Annular Cross-Section Shape” option is selected as shown in Figure 5.4. Then, 

area, perimeter, length, element orientation, and element multiplicity are defined. 

 

 

Figure 5.4. The FS cross-section shape selection. 

 

5.3.2. Thermal Network Modeling 

 

To couple thermal network with the flow network, proper association between them 

plays a crucial role by FS which should comply fundamental thermal resistance approach. 

The flow in the gas turbines looks like a duct flow. Thermal network thus follows duct 

flow modeling methodology because of this resemblance. 

 

While modeling such a duct flow, FS has its methodology. A basic duct flow 

contains a flow region, inner and outer surfaces, and an ambient region. The cross-section 

of the duct perpendicular to the flow is depicted, and the corresponding thermal model in 

FS with element names is shown in Figure 5.5. 
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Figure 5.5. Thermal model of a duct flow in the FS. 

 

The existing method in the FS is not adequate to model the geometry because a 

generic gas turbine engine geometry contains two annular sections instead of one. Due to 

this reason, a new annular flow modeling methodology in the FS must be established. 

Before describing the new technic, Figure 5.6 depicts how an annular cross-section of gas 

turbine casing is identified with section names. 

 

 

Figure 5.6. Section names of an annular cross-section. 

 



27 

 

In this thesis, the blade hub thermal effect is excluded from the model. Each thermal 

network located at the lower and upper sides of the Advanced Orifice element 

demonstrates thermal effects coming from the main flow path and how it affects the 

casing, shown in Figure 5.7. 

 

 

Figure 5.7. The advanced orifice thermal network modeling. 

 

In the figure, Boundary TNode (BTN) 3 and 5 are boundary conditions in the model; 

the first is ambient temperature, and the second is main flow path temperature.  BTN 2 and 

8 state the same point, which denotes flow temperature in Advanced Orifice 1, but they are 

not boundary condition that is changing by the flow. Internal TNode (ITN) 1 and 4 
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represent the inner and outer surfaces of PT Casing, while ITN 7 and 6 represent the outer 

and inner surfaces of Blade Tip Shroud. Regarding thermal resistance, Conductors 1 and 5 

define conductive heat transfer in solid parts. Convector (CONV) 3 represents natural 

convection heat transfer from the PT Casing outer surface to the ambient. CONV 4 defines 

the primary flow path convection, a calculated boundary condition from forced convection 

correlations in the literature. CONV 2 and 6 define convective heat transfer in the 

Secondary Flow Path from PT Casing Inner and Blade Tip Shroud Outer Surfaces. 

 

In the FS, temperature-based properties are calculated from the temperature of flow 

element which is BTN 2 and 8 while pressure-based properties are computed from the 

upstream pressure of the flow element. The sources of non-dimensional numbers such as 

Nu, Re, and Pr rely on the properties and their references. 

 

The basis of the study is established by using the methods cited above. In the 

following sections, the boundary conditions of the model will be explained first and then 

the model details will be given. 

 

5.4. Boundary Conditions 

 

In order to set boundary conditions of the FS model, some acceptations and 

assumptions are taken into account before obtaining them. One the most prominent 

acceptations is to use test result as boundary condition due to the fact that a certain part of 

the engine is examined in this study. Furthermore, the measurement cannot be taken at 

each station during the test. At some locations in the model, the test data are directly used 

as boundary condition while others are taken from CFD analysis. 

 

Figure 5.8 shows which measurement locations in the test are used as boundary 

condition in the FS. Blue and red circles represent static pressure and total temperature 

boundary conditions taken by test result. 
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Figure 5.8. Boundary condition locations taken from the test. 

 

According to post-test performance data of the engine which is a revised data of pre-

test performance data based on the test results, a CFD analysis for the engine is carried out. 

However, since CFD analysis is not included within the scope of this thesis, it is merely 

continued with the results of it. The boundary condition value, Ps and Tt, for the rest of the 

stations are taken from the CFD. Figure 5.9 shows the locations where CFD results is used 

as inputs with same color notations in Figure 5.8. 

 

 

Figure 5.9. Boundary conditions taken from the CFD results. 

 

Even then, there are just three locations remained which are R1_Tip, R2_Tip and 

47_Upper. It is also mentioned that there is not any measurement neither the tips nor the 

47_Upper. Therefore, a different method is followed, called Scaling Method. 

 

Scaling method is a formulation to obtain a scaling factor to calculate unknown 

station values by using known station values. The known values act like a source and a 

sink. Then, scaling factor for unknown station is calculated and the formulation is shown 

as 
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 𝜂𝑢𝑛𝑘𝑛𝑜𝑤𝑛 =
𝑇𝑢𝑛𝑘𝑛𝑜𝑤𝑛−𝑇𝑠𝑖𝑛𝑘

𝑇𝑠𝑜𝑢𝑟𝑐𝑒 − 𝑇𝑠𝑖𝑛𝑘
, (5.20) 

where 𝜂 is scaling factor, and T is total temperature. 

 

The most significant assumption in this study due to lack of test data in some stations 

is that pre-test scaling factor is used to calculate unknown station values in the FS because 

all station values in the pre-test data are known. Firstly, by utilizing the Equation 5.20, pre-

test scaling factor are found for the remained three stations. In this step, 47_Upper is 

initially considered, and 46_Upper and 47 are chosen source and sink, respectively. Then, 

46_Upper and 47_Upper for R1_Tip, and 48_Upper and 49 for R2_Tip is used as source 

and sink respectively. As a conclusion, 𝜂 for the three unknown stations are calculated 

based on pre-test data. 

 

To impart these scaling factors on the FS, the three unknown values for the FS model 

are calculated using the equation below obtained by manipulating Equation 5.20 that 

follows the same order in pre-test scaling factor. It should also be emphasized that the 

source and sink values mentioned in the equation are the boundary conditions that have 

been described so far and the input has been defined in the FS as 

 (𝑇𝑢𝑛𝑘𝑛𝑜𝑤𝑛)𝐹𝑆 = (𝑇𝑘𝑛𝑜𝑤𝑛)𝐹𝑆 + (𝜂𝑢𝑛𝑘𝑛𝑜𝑤𝑛)𝑝𝑟𝑒−𝑡𝑒𝑠𝑡(𝑇𝑠𝑜𝑢𝑟𝑐𝑒 − 𝑇𝑠𝑖𝑛𝑘)𝐹𝑆, (5.21) 

where T is total temperature and 𝜂 is scaling factor. 

 

In summary, where the boundary conditions are taken from and how the unknown 

boundary conditions are calculated are mentioned in this section. 
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5.5. Modeling Details 

 

The geometry is divided into four sectors that contribute to conveniently create 

thermo-fluid network in order to easily distinguish and to detect the errors. Also, this 

increases the control of the model by users. Figure 5.10 demonstrates the sectors with their 

names. 

 

 

Figure 5.10. PT Casing sector names and locations.  

 

While creating the network model, a basic strategy is followed: Boundary conditions 

of the Sector 1 is initially set, followed by flow and thermal network creation by using 

proper elements. Afterwards, geometric properties and HTC are defined. Lastly, the sector 

is fully analyzed. If the sector is converged, same procedure is applied for rest of the 

model. 

 

5.5.1. HTC Selection 

 

There are different heat transfer coefficient correlations which have particular 

characteristic depending on such as Reynolds number, Prandtl number, flow medium such 

as internal or external flow, and friction coefficient in open literature.  Each coefficient has 

to be carefully selected so as to represent thermal effects on the model.  
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The FS incorporates some well-known heat transfer coefficient correlations in 

convector element. These correlations are able to serve variety of thermal modeling 

strategy. While modeling, friction is ignored in the entire model since dynamic head is lost 

and the cavities are large enough in the casing. Therefore, the HTC correlations belonging 

to Gnielinski [20] and Bhatti-Shah [21] include friction term, and the results are zero. As a 

conclusion, these two are not suitable for the model. According to this knowledge, Sieder-

Tate correlation which does not contain any friction term [22] is used in the model. The 

correlation for three flow regimes is shown as  

 𝑁𝑢𝑙𝑎𝑚 = 1.86 (𝑅𝑒𝑓𝑙𝑢𝑖𝑑 Pr)
1

3⁄ (
μ 𝑓𝑙𝑢𝑖𝑑

μ 𝑓𝑖𝑙𝑚
)

0.14

, (5.22) 

 𝑁𝑢𝑡𝑟𝑎𝑛 =  (1 −
𝑅𝑒𝑓𝑙𝑢𝑖𝑑− 𝑅𝑒𝑙𝑎𝑚

𝑅𝑒𝑡𝑢𝑟𝑏− 𝑅𝑒𝑙𝑎𝑚
) 𝑁𝑢𝑙𝑎𝑚 + (

𝑅𝑒𝑓𝑙𝑢𝑖𝑑− 𝑅𝑒𝑙𝑎𝑚

𝑅𝑒𝑡𝑢𝑟𝑏− 𝑅𝑒𝑙𝑎𝑚
) 𝑁𝑢𝑡𝑢𝑟𝑏 , (5.23) 

 𝑁𝑢𝑡𝑢𝑟𝑏 = 0.027( 𝑅𝑒𝑓𝑙𝑢𝑖𝑑)
0.8

𝑃𝑟
1

3⁄ (
μ 𝑓𝑙𝑢𝑖𝑑

μ 𝑓𝑖𝑙𝑚
)

0.14

, (5.24) 

where 𝑁𝑢 is Nusselt number, 𝑅𝑒 is Reynolds Number, 𝑃𝑟 is Prandtl number, μ 𝑓𝑙𝑢𝑖𝑑 is 

fluid dynamic viscosity calculated by flow temperature and μ 𝑓𝑖𝑙𝑚 is dynamic viscosity 

based on film temperature. 

 

5.5.2. Contact Modeling 

 

The current geometry has metal-to-metal contact which may prevent relative 

movement between two different components. In other words, the components can move 

independently as the geometry allows. The contact is named as two ways in the model: 

Weak Contact and Nearly Perfect Contact. These contacts refer that the engine confronts 

with what type of contact while operating.  

 

Thermal modeling of these contacts is interpreted with contact resistance 

methodology, which is a well-known subject in heat transfer lecture, in 1D model, and 

these two also are determined by surface roughness, surface pressure and interfacial fluid 
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[23]. Conductivity is assumed 4000 W/mK for nearly perfect contact and 1000 W/mK for 

weak contact, and length and cross-section area are selected as unity. 

 

Surface roughness in the contact regions is another issue that should be considered in 

terms of leakage. Surface roughness cannot be zero due to inadequacy of manufacturing 

technology in industry, and it is inevitable that flow can leak these regions. Accordingly, 

these locations are modeled with regard to flow as well as thermal effect. 

 

As it is known to all, each component in the engine has tolerance which may come 

from manufacture and being assembled. When consider these effects, the gap in the model 

is taken as 0.25 mm for nearly perfect contact and 0.5 mm for weak contact. 

 

The contact region HTC shall be attentively evaluated and defined since a flow can 

leak in there and convection term should be carefully entered as input. The current open 

literature does not contain such correlation for narrow gap, and hence a novel approach 

must be practiced. The contact gap is obviously small value together with hydraulic 

diameter is also small which means that Re is in laminar region for the model. Kays et al. 

[24] studied on a Nu for fully developed laminar flow in tubes of different cross section. If 

length is much higher than width, otherwise it goes to infinity, Nu for uniform surface 

temperature is 7.54. According to this knowledge, HTC for contact region is calculated for 

constant Nu. However, the FS does not include this correlation. A new Python script is 

coded for HTC correlation by using Customization Manager in the FS, named NGC. When 

the gap is given as input to the model, HTC is directly calculated for contact region. 

 

5.5.3. Radiation Modeling 

 

Radiation is a dominant factor for turbomachinery. Components, especially those 

interacting with main flow, have a very high temperature comparing to relatively low 

temperature components such as casing. This temperature difference affects radiative 

heating of the casing.  
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The geometry involves two concentric cylinders of same finite length (see Section 

5.3.2). When imposing this geometric consideration to the radiation modeling, view factor 

is calculated based on book of Howel et al. [25]. The following equaiton shows that how 

view factor from hot part (1) to cold part (2) is calculated as  

𝑅 = 
𝑟2
𝑟1

, 

(5.25) 

𝐿 = 
𝑙

𝑟1
, 

𝐴 = 𝐿2 + 𝑅2 − 1, 

𝐵 = 𝐿2 − 𝑅2 + 1, 

𝐹2−1 = 
1

𝑅
−

1

𝜋𝑅
{𝑐𝑜𝑠−1

𝐵

𝐴
−

1

2𝐿
∗ [√(𝐴 + 2)2 − (2𝑅)2𝑐𝑜𝑠−1

𝐵

𝑅𝐴
+ 𝐵𝑠𝑖𝑛−1

1

𝑅
−

𝜋𝐴

2
]}, 

𝐹1−2 = 𝐹2−1 ∗ 𝑅, 

𝐹2−2 = 1 −
1

𝑅
+

2

𝜋𝑅
𝑡𝑎𝑛−1

2√𝑅2 − 1

𝐿

−
𝐿

2𝜋𝑅
[
√4𝑅2 + 𝐿2

𝐿
𝑠𝑖𝑛−1

4(𝑅2 − 1) + (
𝐿2

𝑅2) (𝑅2 − 2)

𝐿2 + 4(𝑅2 − 1)

− 𝑠𝑖𝑛−1
𝑅2 − 2

𝑅2
+

𝜋

2
 (

√4𝑅2 + 𝐿2

𝐿
− 1)], 

where 𝑟1 is radius of inner part, 𝑟2 is radius of outer part, 𝑙 is length of the duct, and 𝐹 is 

view factor. Besides, radiation must be considered for outer surface of the engine because 

the outer surface sees ambient. 

 

Emissivity in radiative heating is another parameter that affects heat flow. The 

emissivity value for nickel based alloys and high temperature, up to 850 K, is ranged 

between 0.65 and 0.95 [26,27,28]. Subsequently, this value is set to 0.7 which is a general 

practice. But also, it is not an unlikely assumption for the model. 
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5.5.4. Natural Convection Modeling 

 

As mentioned in Chapter 4, still air approach for the engine outer casing is suitable 

for 1D modeling. The convective heating in this location is driven by buoyancy force. To 

calculate HTC, the correlation derived by Churchill and Chu [23,29] is used as 

 

𝑁𝑢 =

[
 
 
 
 
 
 

0.60 +
0.387 ∗ 𝑅𝑎𝐷

1
6

[1 + (
0.559
𝑃𝑟 )

9
16

]

8
27

]
 
 
 
 
 
 
2

                𝑅𝑎𝐷  ≤ 1012 ,   (5.26) 

where Nu is Nusselt number, Ra is Rayleigh number and Pr is Prandtl number. 

 

The calculated HTC value is 9.75 W/m²K where Ra is 2.12E+9.  However, the value 

that is obtained with above equation does not firmly represent HTC in the outer casing 

because the vibration of the engine and leakages at both bolts and contact locations affect 

HTC. Regarding this effect, HTC value is taken as 30 W/m²K.  
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6.  RESULTS 

 

 

Having discussed the modeling details in previous chapter, boundary condition and 

HTC value in the FS model, the test and the FS comparison, the sensitivity analysis results 

and geometric improvement will be presented in this chapter. 

 

All temperature and pressure results are written as non-dimensional form. Both air 

and metal temperature are divided to T45 which is mass weighted average of total 

temperature at the 45 Station taken from CFD while mass weighted average of static 

pressure at the 45 Station, P45, taken from CFD is used for non-dimensional form of static 

pressure.  

 

6.1. Boundary Condition Inputs 

 

As explained in Section 5.4, the pressure and temperature boundary conditions are 

based on different sources like the test data and the CFD analysis. HTC for main flow path 

is another boundary condition for the FS, and it is calculated by using the Sieder-Tate 

correlation (see Section 5.5.1).  

 

The BCs for the stations are tabulated in Table 6.1. 

 

Table 6.1. Non-dimensional temperature and pressure boundary conditions values. 

Station 

Non-Dimensional Total 

Temperature 

[K/K]] 

Non-Dimensional Static 

Pressure 

[kPa/kPa] 

Inlet 0.573 2.403 

45 1.010 2.170 

46 1.010 1.830 
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Table 6.1. Non-dimensional temperature and pressure boundary conditions values (cont.). 

Station 

Non-Dimensional Total 

Temperature 

[K/K]] 

Non-Dimensional Static 

Pressure 

[kPa/kPa] 

46 Upper 0.941 1.731 

47 0.925 1.349 

47 Upper 0.937 1.428 

48 0.925 1.041 

48 Upper 0.865 1.008 

Outlet - 0.827 

Inlet Upper Casing 0.566 - 

Inlet Lower Casing 0.902 - 

Outlet Casing 0.789 - 

R1 Tip 0.942 - 

R2 Tip 0.867 - 

 

 

6.2. HTC Inputs 

 

The geometry has an annular cross-section with finite length throughout main flow 

path (see Section 5.3.2). Sieder-Tate is initially suitable correlation since it is originally 

correlated for duct flow. To find the HTC value, geometric details of the annular cross-

section, pressure, and temperature are the mandatory inputs to calculate Nusselt, Prandtl 

and Reynolds Numbers. Then, HTC is obtained. 

 

Nevertheless, the main flow path is separated from the duct flow due to the presence 

of blades and rotation which affect the HTC value. The current correlation in the FS hence 

does not enough to represent HTC in the flow path. As a reason of this inadequacy, both 



38 

 

metal and air temperatures are assigned incorrectly. To put away this mismatch, the Sieder-

Tate correlation requires additional coefficient. While finding the coefficient, fine tuning 

should be carried out until the temperature converges to the measured test value. As it will 

be seen following sections, the HTC values are rounded to the closest whole number. 

 

In the geometry, there are some certain locations where HTC value is used as input 

and these are listed below: 

 

• Through main flow path. 

• 46 Upper. 

• R1 Tip. 

• 47 Upper. 

• 48 Upper. 

• R2 Tip. 

 

The HTC value in main flow path, R1 Tip and R2 Tip is calculated based on Sieder-

Tate correlation. 

 

46 Upper, 47 Upper and 48 Upper have a different flow structure in comparison with 

interior of the casing since these three cavities are rotor stator cavity, and duct flow 

correlations in the literature or in the FS cannot properly represent to compute HTC value. 

Therefore, a HTC correlation which is different from Sieder-Tate is used. The Nu number 

in this correlation for 𝑅𝑒𝑟𝑜𝑡 < 2.4*105 is written as 

 𝑁𝑢 = 0.616 ∗ 𝑃𝑟1/3 ∗ 𝑅𝑒𝑟𝑜𝑡
0.5 = 0.616 ∗ 𝑃𝑟

1
3 ∗ (

𝜌(𝜔𝑟)𝑟

𝜇
)

0.5

. (6.1) 

 

For 𝑅𝑒𝑟𝑜𝑡 >3*105, the correlation becomes as 

 𝑁𝑢 = 0.0267𝑃𝑟2/3𝑅𝑒𝑟𝑜𝑡
0.8, (6.2) 
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where 𝑁𝑢 is Nusselt number, 𝑃𝑟 is Prandtl number and 𝑅𝑒𝑟𝑜𝑡 is rotational Reynolds 

number. 

 

In this correlation, two different Nu is calculated. One is for rotor surface and the 

other is for rotor surface. To find these Nu numbers, 𝑅𝑒𝑟𝑜𝑡 is the most dominant parameter. 

The 𝑅𝑒𝑟𝑜𝑡 for rotor and stator surfaces is obtained as  

 

𝑅𝑒𝑟𝑜𝑡 =
𝜌(𝜔𝑟)𝑟

𝜇
𝑋𝐾                      𝑓𝑜𝑟 𝑠𝑡𝑎𝑡𝑜𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒, 

𝑅𝑒𝑟𝑜𝑡 =
𝜌(𝜔𝑟)𝑟

𝜇
(1 − 𝑋𝐾)         𝑓𝑜𝑟 𝑟𝑜𝑡𝑜𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒, 

(6.3) 

where 𝜌 is density, 𝜔 is angular velocity, 𝑟 is radius, 𝜇 is dynamic viscosity and 𝑋𝐾 is 

swirl ratio. 

 

The XK in Equation 6.3 is calculated based on 1D rotor-stator cavity balance [1]. 

While computing the XK, the difference between rotor and stator surface torques should be 

equal to angular momentum of the flow in the cavity. Sultanian [1] is formulated this 

balance as 

 Γ𝑟𝑜𝑡𝑜𝑟 − Γ𝑠𝑡𝑎𝑡𝑜𝑟 = ∑(𝑚̇𝑗𝑟𝑗
2𝜔𝑗𝑋𝐾)

𝑜𝑢𝑡𝑙𝑒𝑡
− ∑(𝑚̇𝑖𝑟𝑖

2𝜔𝑖𝑋𝐾𝑖)𝑖𝑛𝑙𝑒𝑡,

𝑛

𝑖=1

𝑛

𝑗=1

 (6.4) 

rotor surface torque is written as 

 Γ𝑟𝑜𝑡𝑜𝑟 = 0.044𝜌(1 − 𝑋𝐾)1.35𝜔2(𝑟2
5 − 𝑟1

5)𝑅𝑒𝑟𝑜𝑡
−0.2, (6.5) 

and stator surface torque is written as 

 Γ𝑠𝑡𝑎𝑡𝑜𝑟 = 0.066𝜌𝑋𝐾1.87𝜔2(𝑟2
5 − 𝑟1

5)𝑅𝑒𝑟𝑜𝑡
−0.2, (6.6) 

where Γ𝑟𝑜𝑡𝑜𝑟 is rotor surface torque, Γ𝑠𝑡𝑎𝑡𝑜𝑟 is stator surface torque, 𝑚̇ is mass flow rate, 𝜔 

is angular velocity, 𝑟 is radius, XK is swirl ratio, and i and j denote number of entering or 

leaving flow in the cavity while 1 and 2 designate inner and outer radius of surface. 
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To find XK value in that cavity, an iterative solution is carried out until the error 

between the surface torque and the angular momentum go to zero. When the iteration 

converges to zero, the outlet flow and cavity bulk XK will equal to computed value. 

 

According to these locations, each cavity requires different additional coefficient to 

multiply with the calculated HTC value in accordance with proper correlation.  

 

6.2.1. Main Flow Path 

 

The obtained HTC value based on Sieder-Tate correlation for the main flow path is 

multiplied with 1.678. Assigning the coefficient, some iterative analyses were carried out, 

and the results converged to the test value. Eventually, the final value nearly becomes 650 

W/m²K. 

 

6.2.2. 46 Upper, 47 Upper and 48 Upper 

 

46 Upper, 47 Upper and 48 Upper cavities are much more complicated region since 

the flow entrains in or leaves out the cavities locating on the right and the left of the rotor 

tip seals. The potential flow leakage in the geometry, Sector 2 and 4, are illustrated with 

red arrows in Figure 6.1. 

 

 

Figure 6.1. Possible flow leakage location in the rotor tips. 
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The coefficients at the cavities differ from each other due to the fact that the potential 

leakages from metal-to-metal contact or the main flow path disturb the flow in the voids. 

As a result, the coefficient which is calculated by using Equation 6.1 and 6.2 are shown in 

Table 6.2  

Table 6.2. HTC values for the upper stations. 

Station Coefficient 
HTC 

[W/m²K] 

46 Upper 0.862 500 

47 Upper 1.201 550 

48 Upper 3.297 600 

 

The table shows that the coefficients increase from 46 Upper to 48 Upper. In other 

word, the calculated HTC value in accordance with Equation 6.1 and 6.2 decreases from 

46 Upper to 48 Upper. The coefficient and multiplied HTC value results are interpreted 

cavity-by-cavity.  

 

For 46 Upper, rotation radius and XK in the cavities are the dominant parameter. 

Firstly, the rotation radius is taken as average radius of the cavity and this may not 

properly represent the radius of the sensor because the increase in the radius decreases the 

HTC, or vice versa. Secondly, the XK is computed based on average rotation radius and 

tangential velocity taken by CFD. In addition, this swirl ratio is a bulk swirl of the entire 

cavity. When considering the sensor location that is close to stator surface, this will cause 

the decrease in XK since stator surface tends to slow the flow, and hence 𝑅𝑒𝑟𝑜𝑡 is affected. 

All in all, to capture metal surface temperature in this cavity the HTC value is multiplied 

with 0.862.  

 

Same comments are valid for 47 Upper but it is seen that 47 Upper multiplied HTC 

value is higher than 46 Upper. The root cause is that the sensor location is in front of the 

local jet flow coming from Sector 3 internal cavity and filling to 47 Upper. This can 

increase the local HTC setting to 550 W/m²K.   
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As for 48 Upper, the Equation 6.1 or Equation 6.2 calculate small HTC value while 

the coefficient is out of concern. First of all, this cavity has lower mass flow rate 

comparing to the other two. This is one of the effects. Secondly, the temperature and 

pressure in this cavity is also lower which brings about the decrease in HTC value. Thirdly, 

same reasons in the 46 Upper and 47 Upper are also valid for 48 Upper. Eventually, 48 

Upper HTC is higher than the rests. The dominant factor is as same as the 47 Upper. The 

cavity is directly interaction with the local jet flow coming from Sector 3 internal cavity.  

 

6.2.3. R1 Tip and R2 Tip 

 

The rotor tips have flow restrictive elements by creating pressure lose in order to 

minimize tip leakages. The restrictive elements in these regions tend to increase HTC 

because the rotor blades increase XK of the air. According to Sieder-Tate correlation, 

Table 6.3 shows both the coefficient and the HTC for the tips.  

 

Table 6.3. HTC values for the tips. 

Station Coefficient 
HTC 

[W/m²K] 

R1 Tip 0.444 800 

R2 Tip 0.259 500 

 

 

The coefficients for the tips are less than 1. The reason is that Sieder-Tate correlation 

is originally used for duct flows but the tips have different structure to restrain the flow, 

and the FS does not contain any correlation for tip seal. This definitely hence affects 

calculated HTC value. The passed flow through the R1 Tip is higher than the R2 Tip, and 

Re is proportional to the mass flow. On the other side, Pr and dynamic viscosity for film 

and fluid decreases due to fact that the temperature at the R2 Tip is lower than R1 Tip. 

Hence, Nu at R1 tip is higher than R2 Tip. In order to capture metal temperature, the 

coefficients are iteratively calculated 0.444 and 0.259, respectively. This shows that 

Sieder-Tate correlation calculated higher HTC values that should require small 

coefficients. 
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6.3. Validation Through Comparison of FS and Test Results 

 

The pressure and temperature boundary conditions (in Section 6.1) and the HTC 

values calculated for the main flow (in Section 6.2) are defined as input to the FS model 

and the result is obtained. The simulation was converged in 853 iterations and elapsed time 

was 575 seconds, nearly 8 minutes. The convergence criteria are set to 10-1 for mass 

balance and 10-5 for thermal heat balance.  

 

In the following paragraphs, the results are compared sector-by-sector according to 

the corresponding location in the FS model of the sensor locations where the measurement 

result was taken in the test.  

 

In the next figures which compare the test and the FS result, maximum and minimum 

value of the sensors are marked in these figures against to the FS result. The reason is that 

there are multiple sensors circumferentially surround the casing for the same axial location. 

In order to mitigate misunderstanding and to increase clarity of the result, the maximum 

and the minimum test values are tabulated for comparison. Additionally, standard 

deviation is accepted ±2σ for all measurement.  

 

 

Figure 6.2. Sector 1 sensor locations. 
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Figure 6.3. FS and the test temperature comparison at Sector 1. 

 

Figure 6.3 shows the test and the FS comparison for the temperature sensors where 

their locations are marked in Figure 6.2. It is obviously seen that the 1D modeling results 

for Sensor 1 and 4 are between maximum and minimum value. Sensor 2 FS temperature is 

slightly less than minimum value; however, standard deviation for this sensor is about ±4 

K and the FS result is in this range. Standard deviation is not non-dimensionalized because 

it will be too small and number of significant digits will be too many to show. When 

getting to Sensor 3, the FS is just above the maximum. Even though it is in range of 

standard deviation of the maximum value, the HTC in the main flow path, the temperature 

in the station, turbulence effect in the 46_Upper directly influence on thermal gradient.  

 

 

Figure 6.4. FS and the test static pressure comparison at Sector 1. 
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Figure 6.4 shows static pressure value at Sensor 1. It is seen that circumferential 

variation is not observed for the sensor in short, the maximum and the minimum values are 

same. The error bars in the figure depict standard deviation and the FS result is in this gap. 

 

 

Figure 6.5. Sector 2 sensor locations. 

 

Figure 6.6. FS and the test temperature comparison at Sector 2. 

 

Sector 2 measurement locations are illustrated in Figure 6.5. Sensor 5 FS temperature 

result is in the measured range of the test while FS results is slightly off comparing to the 

maximum at Sensor 6 (see Figure 6.6). This may occur that a heat source can increase local 

air temperature over the casing surface, and hence the metal temperature at that point can 
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exceed the test maximum value. However, it is also known that the FS is in standard 

deviation range that is ±2.8 K. 

 

 

Figure 6.7. FS and the test static pressure comparison at Sector 2. 

 

When coming to Ps at the Sensor 5, it is obviously seen that the FS precisely 

calculates the static pressure in Figure 6.7. This also implies that the engine geometry is 

properly imparted to the FS and the geometric inputs do not vary while working at the 

MTO condition. 

 

 

Figure 6.8. Sector 3 sensor locations. 
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Figure 6.9. FS and the test temperature comparison at Sector 3. 

 

The cavity locating above the Stator 2, called Sector 3, is illustrated that includes 

probe points in Figure 6.8. The Sensor 7 and 8 measuring air and metal temperature are 

between measurement ranges as shown in Figure 6.9. Rest of the two calculate the 

temperatures less than the minimums. But also, being emphasized that the differences 

between the FS and the minimum for Sensor 9 and 10 are below 1%. This small difference 

is fair enough for a 1D tool. 

 

 

Figure 6.10. FS and the test static pressure comparison at Sector 3. 
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The air static pressure at the Sector 3 value is 1.432 whilst the test minimum value is 

1.438 and the standard deviation is ±0.04, shown Figure 6.10. This shows that the FS 

properly calculates the Ps. 

 

 

Figure 6.11. Sector 4 sensor location. 

 

 

Figure 6.12. FS and the test temperature comparison at Sector 4. 
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sensor in this cavity since the sector 4 is close the PT output and the pressure in this 

location tends to converge PT outlet tip pressure. It thus does not need to instrumentation. 

 

All pressure and temperature results taken from the FS are in the minimum and the 

maximum. Although some FS results exceed the maximum or below the minimum, 

standard deviation comprises all the FS results.  

 

There are multiple reasons why the FS measures the temperature and pressure less or 

high the range. The most prominent ones are that the probe can measure at wrong location 

after it is instrumented, the node number in the FS cannot be enough meaning that the 

components can be represented by more nodes to easily see temperature difference over a 

finite small axial or radial location, and external effects over the casing such as hot gas 

leakage through the ambient, bleed air and any heat source can affect temperature results. 

The FS model in the thesis does not cover the first and the last possible cause because 

these two come from the uncertainty of the test. The second cause relates to the modeling 

methodology of the FS. The node number can be increased to obviously see temperature 

gradient throughout any components. Yet, it should not be forgotten that this thesis aims to 

propose a 1D modeling strategy at preliminary design stage. Hence, the FS results is 

agreed well with the test results.  

 

6.4. Sensitivity Analyses 

 

Within the scope of the thesis, a set of sensitivity analysis is carried out in order to 

identify how the selected parameters affect the temperature and the pressure. Sensitivity 

analyses are divided into three: 

• Natural Convection HTC effect 

• Friction effect 

• Another HTC correlation effect 
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While doing the analyses, all effects are studied as standalone model. In other words, 

cumulative effects are not considered. The main reason why the model is performed as 

standalone is to identify the pure response of the parameter on the model. Apart from them, 

boundary condition is not changed. 

 

6.4.1. Natural Convection 

 

PT casing outer surface is interaction with the ambient and still air approximation is 

assumed around engine mentioned in Section 5.5.4. However, it is also citied that the HTC 

is set to 30 W/m²K. To understand that how the created model is sensitive to HTC value of 

natural convection, the HTC is increased to 50 W/m²K and decreased to 10 W/m²K. 

 

 

Figure 6.13. Temperature results of natural convection sensitivity analysis. 

 

Figure 6.13 shows the temperature results for two HTC values against nominal 

conditions referring to the FS result compared with the test data. The main flow path 
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(Sensors 1, 5, and 7) are influenced by HTC value. It is also seen that the difference 

between the measured air temperature values in the FS at these sensor locations increases 

toward the end of the module because the main flow path temperature decreases when 

reaching the module exit. Therefore, the main flow path dominancy on the module 

components goes down, and the natural convection effect is substantially noticed. When 

considering the metal temperatures placed on the casing's outer surface, Sensors 2, 6, 8, 

and 11 operate with the natural convection around the casing, and these four are the most 

affected sensors. Sensor 11 has the highest temperature difference since the cavity below 

the sensor possesses a small mass flow, and the HTC is lower than the other three. 

Therefore, natural convection significantly affects the metal temperature. The same 

interpretation is valid for Sensor 6 and 8; however, the differences for both are less than 

Sensor 11 because metal-to-metal contacts influence Sensor 6 and 8. As for Sensor 2, the 

metal temperature in Sector 1 is the dominant factor; hence, the natural convection effect 

in the sensor is lessened. In terms of pressure, the analysis results are not varied as 

expected. For three HTC values, the pressure sensors in the cavities vary around ±0.2 kPa. 

 

Overall, when the sensitivity analysis results are compared with the test data for the 

Sensor 2, 6, 8 and 11, the analysis results are not in the test range for some sensors. Either 

the results are higher or lower than the test data. This comparison shows that the 30 

W/m²K input value is good enough to represent natural convection around the casing. 

 

6.4.2. Friction 

 

The model which is compared with the test data is frictionless meaning that pressure 

loss across the casing is not included the FS model. To understand how friction affects 

overall temperature distribution of the casing, a sensitivity analysis is performed. The 

friction in the flow region is assumed as 10 and 32 micrometers. For turbomachinery, 

surface roughness is a critic parameter, and 32 microns thus is too high to use in an engine. 

Yet, this roughness value is considered to see the effect on the casing model. 
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While calculating the friction factor in the FS, the well-known friction correlations in 

the literature for laminar and turbulent flows are used. For laminar flow, the fanning 

friction factor is calculated as 

 
𝑓 =

16

𝑅𝑒
, (6.4) 

and the following equation, referenced from the Colebrook-White equation, is used for 

turbulent flow and it is expressed as [17] 

 
𝑓 = 0.3313 [𝑙𝑛 (

𝜀

3.7𝐷ℎ
+

5.74

𝑅𝑒0.9
)]

−2

. (6.5) 

 

 

Figure 6.14. Temperature results friction effect sensitivity analysis. 

 

Figure 6.14 presents the temperature value at the sensor location and the results is 

compared with the nominal FS model. Firstly, the air temperatures, Sensor 1, 5 and 7, in 

the sectors are evaluated. The 10 microns roughness for the first sensor analyzes lower 

temperature than the 32 microns since the Ps at downstream for the higher roughness value 

is lower than the fine one, and the pressure ratio goes up. Besides, pressure ratio between 

Station 46 and Sector 1 inner pressure is also increases when roughness is set to 32 

microns. Thus, the main flow leakage at the contact location heats the inner cavity more 
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than the 10 microns and the Sector 1 air temperature rises up even if the 10 microns is 

lower than the nominal. Due to the fact that the air temperature is linked to each other, 

same trend is observed for the Sensor 5 and 7. When evaluating the casing outer surface 

metal temperatures (Sensor 2, 6, 8 and 11), these sensors follow same pattern with respect 

to the air temperatures. However, the last two sensors nearly measure same metal 

temperature values. The reason is that Sector 3 ending and Sector 4 indeed work in small 

pressure ratio, and hence the metal temperatures do not show obvious variation while 

changing the roughness. The Sensor 3 and 9 are directly interacting with the boundary 

conditions, and thus the temperatures show minor change, just ±1K. The Sensor 4 

temperature value is opposite to the Sensor 1 trend, and if sorting the HTC values in the 

Sector 1 from largest to smallest, the order is Nominal, 32 microns and 10 microns. Seeing 

that the lowest HTC possesses the highest temperature since the convective resistance is 

low and the temperature is high. The remaining sensor number is 10 which has same with 

the Sensor 8 and 11 interpretations to explain temperature. 

 

6.4.3. HTC Correlation Effect 

 

The last sensitivity analysis comprises of HTC correlation effect on the 1D model. 

As explained in Section 5.5.1, the FS has proper HTC correlation to simulate any model 

but there are just two correlations to use in this study which are Sieder-Tate and Gnielinski. 

The former is the base correlation that is used in the nominal model and the latest one is 

the only correlation that can be utilized for sensitivity analysis.  

 

The main difference between Gnielinski and Sieder-Tate (see Equation 5.22-24) is 

friction term in turbulent flow and laminar flow Nusselt number calculation. Gnielinski 

correlation for three flow regimes is expressed as 

 𝑁𝑢𝑙𝑎𝑚 =
0.688 𝑅𝑒𝑓𝑙𝑢𝑖𝑑

𝑃𝑟 ∗ 𝐷ℎ

𝐿

1 + 0.04 (𝑅𝑒𝑓𝑙𝑢𝑖𝑑
𝑃𝑟 ∗ 𝐷ℎ

𝐿 )
2/3

, (6.6) 
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 𝑁𝑢𝑡𝑟𝑎𝑛 = (1 −
𝑅𝑒𝑓𝑙𝑢𝑖𝑑 − 𝑅𝑒𝑙𝑎𝑚

𝑅𝑒𝑡𝑢𝑟𝑏 − 𝑅𝑒𝑙𝑎𝑚
)𝑁𝑢𝑙𝑎𝑚 + (

𝑅𝑒𝑓𝑙𝑢𝑖𝑑 − 𝑅𝑒𝑙𝑎𝑚

𝑅𝑒𝑡𝑢𝑟𝑏 − 𝑅𝑒𝑙𝑎𝑚
)𝑁𝑢𝑡𝑢𝑟𝑏 , (6.7) 

 𝑁𝑢𝑡𝑢𝑟𝑏 =
(𝑅𝑒𝑓𝑙𝑢𝑖𝑑 − 1000)0.5𝑃𝑟𝑓

1 + 12.7√0.5𝑓(𝑃𝑟2/3 − 1)
, (6.8) 

where 𝐷ℎ is hydraulic diameter, 𝐿 is length of the pipe and 𝑓 is Fanning friction factor. 

 

The Sieder-Tate correlation in the 10 microns FS models in the previous sensitivity 

study is replaced by Gnielinski. This is because, as explained, friction is included in this 

correlation and the HTC value is calculated. Afterwards, the results are compared with the 

Nominal model. 

 

 

Figure 6.15. Temperature results of HTC sensitivity analysis. 

 

Figure 6.15 shows the Gnielinski correlation effect on the temperature sensors in the 

casing. The first insight, the temperatures demonstrate similar trend in contrast with 10 

microns roughness model in the sensitivity analysis. Calculated HTC value in Gnielinski 

correlation is less than the Sieder-Tate due to the difference between two correlations, and 
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the temperatures declines. Moreover, when the Gnielinski is compared with the test result, 

the Sieder-Tate conveniently calculates the HTC again.  

 

 

Figure 6.16. Pressure results of HTC sensitivity analysis. 

 

The HTC sensitivity analysis is compared in terms of pressure at the Sensor 1, 5 and 

7, shown in Figure 6.16.  As expected, the pressure moderately goes down since the 

friction increases the pressure losses along the path. Hence, the pressure result at nominal 

model that is frictionless is higher than the other model.  

 

All in all, the Figure 6.15 and Figure 6.16 state that Sieder-Tate correlation is well 

enough to model any casing geometry.  

 

6.5. Geometric Improvement 

 

When the FS analysis result is investigated, the metal temperature at the R1 Shroud 

looks high enough, or close to the metal service temperature. This high temperature tends 

to increase thermal expansion of the shroud, and finally the rotor tip clearance gets large. 
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This increment at the rotor tip clearance can decrease overall efficiency of the PT module. 

In order to enhance both the efficiency and to narrow the clearance, a new geometry is 

proposed to mitigate thermal expansion and prevent pushing of R1 Shroud from S1. 

 

 

Figure 6.17. Difference between the current and the revised geometries. 

 

Figure 6.17 shows the difference between the current and the revised geometries, 

marked in red dotted rectangle. The new geometry includes two impingement holes; first 

hole is located axial direction and the upstream pressure is Sector 1 cavity, and second hole 

has radially inward flow coming from compressor with higher pressure and lower 

temperature. Beside two impingement holes, contact surfaces between components are 

minimized which decrease conductive heat transfer. The last revision is that radial 

movement capability is also gained to the S1. This provides that thermal expansion of the 

S1 does not push to R1 shroud and the clearance does not change. 

 

When comparing the metal temperature of the components, the revised model 

provides approximately 70 K bulk temperature decrease on R1 Shroud. It is interpreted that 

this fall decreases rotor tip clearance comparing to the current one and PT efficiency. 
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7. CONCLUSION 

 

A 1D thermo-fluid network of a power turbine casing at a preliminary design stage 

was modelled in this study by using flow and thermal network elements in the model. First 

of all, the flow network was created and then thermal network was implemented on the 

flow network. While establishing the model, a commercial 1D network solver, called Flow 

Simulator, was used to carry out the modeling. 

 

A test campaign that was instrumented a large number of static pressure, metal 

temperature and total temperature sensors to understand thermal and flow characteristic of 

the engine was carried out at maximum take-off condition in an altitude where the 

campaign was mounted. 

 

Proposed 1D coupled network modeling methodology in the FS was well defined to 

simulate PT casing which has annular cross-section since the users can easily define 

geometric properties on the model. Moreover, the methodology contains the corner points 

to create any 1D model at preliminary design stage such that heat transfer coefficient 

selection, contact, radiation and natural convection modeling. 

 

The boundary conditions that were entered in the model were fed from different 

sources. Due to lack of sensor at certain locations, CFD results were directly used as 

boundary condition in the FS. Additionally, a scaling methodology was carried out because 

CFD and the test results for three locations in the model that are R1 tip, R2 tip and 47 

Upper did not possess any data. 

 

Some essential outcomes for this study which were emphasized in Chapter 6 are 

listed below: 

 

• The air and metal temperatures, and static pressures results in 1D model are well 

captured with the test results. 
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• Heat transfer coefficient multipliers across main flow path are properly defined to 

represent the temperatures along the casing. 

• Natural convection heat transfer coefficient which is set to 30 W/m²K is a good 

approach to represent other effects like vibration and leakages around the casing.  

• The friction in the model measures lower temperature and pressure value than 

frictionless model. Therefore, frictionless model is not a far approach for casing 

modeling. Another reason why frictionless model is more suitable than frictional 

model is that while the FS model is being constructed, 0.25 and 0.5 mm contact 

definitions (see Section 5.5.2) obliquely include friction term.  

• Sieder-Tate correlation shows better values when comparing to Gnielinski 

correlation. 

• Proper cooling system is used to control both metal temperature and rotor tip 

clearances. 

 

This 1D thermo-fluid network model can be used for future studies to model the 

other engine modules at preliminary design stage so that the computational time and labor 

force may be lessen. Furthermore, the HTC value which is obtained by using additional 

coefficient can be extensively carried out to find appropriate correlation which reflects 

flow characteristic more conveniently. Finally, 1D model can be easily manipulated to 

optimize cooling system in terms of metal temperature and internal pressure in order to 

find out well designed module geometry. 

 

According to this consequence, a proper heat transfer coefficient correlation might be 

considered for further studies to take away constant coefficient, and instead a 

comprehensive correlation can be derived. Besides, the current geometry can be revised to 

decrease metal and air temperatures. Hence, the tip leakages and the conduction path 

between components might be minimized. 
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