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Program - Workshops

Consider attending one of the workshops and take advantage of the LOW registration fee. Registration will be available online. **Subject to
cancellation if the minimum number of registrations is not achieved Must register by April 22, 2019

WORKSHOP 1 — Physics-Based Modeling of Gas Turbine Secondary Air Systems

Sunday, June 16
8:00 am— 3500 pm
Cost: $300 per person

In gas turbines used for power generation and aircraft propulsion, the main flow paths of
compressors and turbines are responsible for the direct energy conversion. To ensure acceptable
life (durability) under creep, LCF, and HCF from operational transients causing high temperatures
and their gradients in critical engine components, around 20% of the compressor air flow is used for
cooling and sealing. This is analogous to blood, water, and air flow within a human body for its proper
functioning. The main thrust of this workshop is to develop a clear understanding of the underlying
flow and heat transfer physics and the mathematical modeling of various components of gas turbine
secondary air systems (SAS). In addition to developing a clear understanding of the key concepts of
thermofluids, the workshop will discuss vortex, windage and disk pumping in rotor/stator cavities,
centrifugally-driven buoyant convection in compressar rotor cavities, pre-swirler systems, multiple
reference frames, hot gas ingestion and rim sealing, and whaole engine modeling (WEM) using
nonlinear multisurface forced vortex convection links with windage in a layered approach.
Additionally, the warkshop will provide a design-friendly overview of rotating compressible flow
network methodology along with robust solution techniques, physics-based post-processing of 3-D



CFD results, and the generation of entropy map for design optimization. A number of design-relevant
examples will also be presented in the workshop.

Notes: Five complimentary, autographed copies of Gas Turbines: Internal Flow Systems Maodeling
(Cambridge Aerospace Series) will be distributed among workshop attendees using a random
draw.

Learning Objectives

. Develop a strang foundation in flow and heat transfer physics of various companents of
gas turbine secondary air systems

. Develop an intuitive understanding of 1-D compressible duct flows under the coupled
effects of area change, friction, heat transfer, and rotation

. Gain knowledge in developing accurate physics-based and solution-robust secondary
air flow network models

. Gain knowledge in detecting input and modeling errars in their flow network models

. Interpret results from their models for design applications.

. Develop skills to hand-calculate results to perform sanity-checks of predictions by
design tools as well as to validate these tools during their development and cantinuous
improvement

. Improve your engineering productivity with reduced design cycle time

Qutline

8:00 - 10:00 am
Module 1: An Overview of Secondary Air Systems

. Role of Secondary Air Systems (SAS) modeling in gas turbine design engineering
. The concept of physic-based modeling

. Key components of SAS

. Flow network modeling and robust solution techniques

. Role of 3-D CFD in SAS modeling

. Physics-based post-processing of CFD results

. Entropy map generation and application

10:00 - 10:15 am Coffee Break



1015 am—12:00 pm
Module 2: Special Concepts of Secondary Air Systems — Part |

Free vortex

Forced vortex

Rankine vortex

Windage

Compressible flow functions

Loss coefficient and discharge coefficient for an incompressible flow
Loss coefficient and discharge coefficient for a compressible flow

12:00 pm - 1:00 pm Group Lunch

1:00 — 2:00 pm
Maodule 3: Special Concepts of Secondary Air Systems — Part II

Euler's turbomachinery equation
Rothalpy

Multiple reference frames
Pre-Swirler system

Rotar disk pumping

2:00— 300 pm
Module 4: Physics-Based Modeling - Part |

Stationary and rotating orifices and channels
Rotor-stator and rotor-rotor cavities
Windage and swirl distribution

Centrifugally-driven buoyant convection in compressor rotor cavity with and without
bore flow

315=400 pm
Module 5. Physics-Based Modeling = Part |l

-

-

Hot gas ingestion
Turbine rim sealing
Coupling with rotor-stator cavity purge flow and windage




4:00 - 500 pm
Module 6: Physics-Based Modeling — Part lll

. Whaole engine modeling (WEM)

. Multisurface forced vortex convection link with windage
. Junction treatment in the network of convection links

. Layered flow network modeling methodology

. Key recommendations on SAS modeling

Earn 7 Professional Development Hours (PDH’s) and receive a cerfificate of completion!

Instructor:

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME Life Fellow

Dr. Bijay Sultanian is an international authority in gas turbine heat transfer, secondary air systems,
and Computational Fluid Dynamics (CFD). Dr. Sultanian is Founder & Managing Member of
Takaniki Communications, LLC, a provider of high-impact, web-based, and live technical fraining
programs for corporate engineering teams. Dr. Sultanian is also an Adjunct Professor at the
University of Central Florida, where he has been teaching graduate-level courses in Turbomachinery
and Fluid Mechanics since 2006. During his 30+ years in the gas turbine industry, Dr. Sultanian has
warked in and led technical teams at a number of organizations, including Allison Gas Turbines (now
Rolls-Rayce), GE Aircraft Engines (now GE Aviation), GE Power Generation (now GE Power &
Water), and Siemens Energy (now Siemens Power & Gas). He has developed several physics-
based improvements to legacy heat transfer and fluid systems design methods, including new tools
to analyze critical high-temperature components with and without rotation.

During 1971-81, Dr. Sultanian made landmark confributions toward the design and development of
India’s first liquid rocket engine for a surface-to-air missile (Prithvi) and the first numerical heat
transfer model of steel ingots for optimal operations of soaking pits in India’s steel plants.

Dr. Sultanian is a Life Fellow of the American Society of Mechanical Engineers, a registered
Professional Engineer in the State of Ohio, a GE-certified Six Sigma Green Belt, and an Emeritus
Member of Sigma Xi, The Scientific Research Society. He is the author of three graduate-level
textbooks: Fluid Mechanics: An Intermediate Approach, published in 2015; Gas Turbines:
Internal Flow Systems Modeling (Cambridge Aerospace Series), published in 2018; and
Logan’'s Turbomachinery: Flowpath Design and Performance Fundamentals, to be published in
2019.



For the ASME Turbo Expo 2019, he is the Heat Transfer Committee Point Contact, a role he also
had for Turbo Expos 2013, 2016, 2017, and 2018.

Dr. Sultanian received his BTech and MS in Mechanical Engineering from Indian Institute of
Technology, Kanpur and Indian Institute of Technology, Madras, respectively. He received his PhD in
Mechanical Engineering from Arizona State University, Tempe and MBA from the Lally School of
Management and Technology at Rensselaer Paolytechnic Institute.
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Physics-Based Modeling of Gas Turbine
Secondary Air Systems
Module 1: An Overview of Secondary Air Systems

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA
ASME L.ife Fellow

Takaniki Communications, LLC
Oviedo, Florida, USA

Internal Flow Systems
Modeling

ASME 2019 TURBO EXPO

Phoenix, Arizona, USA
Sunday, June 16, 2019

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 20109.
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Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Module 1

An Overview of Secondary Air Systems

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 20109. 2



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Module 1

d An Overview of Secondary Air Systems

= Role of Secondary Air Systems (SAS) In gas turbine design
engineering

= The concept of physic-based modeling

= Key components of SAS

= Flow network modeling and robust solution techniques
= Role of 3-D CFD in SAS modeling

= Physics-based post-processing of CFD results

= Entropy map generation and application

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 20109. 3



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Some Memorable Quotes (1)

Education is not the learning of facts, but the training

of the mind to think.
~ Albert Einstein

Understanding iIs that penetrating quality of knowledge
that grows from theory, practice, conviction, assertion,

error, and humiliation.

~ E.B. White

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 4



Physics-Based Modeling of Gas Turbine TAKANIKI

Secondary Air Systems -
. .
Module 1: An Overview of Secondary Air Systems

Some Memorable Quotes (2)

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 5



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Some Memorable Quotes (3)

“The only real

valuable thing
is intuition”

) . .
- Albert Einstein

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 20109. 6



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

An Aircraft Engine

o

LOW-PRESSURE LOW-PRESSURE
composiTe COMPRESSOR TURBINE

FAN BLADES .

SPINNER

HIGH-PRESSURE
TURBINE

COMBUSTOR

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019.



Physics-Based Modeling of Gas Turbine TAKANIK]I

Secondary Air Systems -
_ |
Module 1: An Overview of Secondary Air Systems

A Gas Turbine Engine for Power Generation
SGT6-6000G Gas Turbine

4. Frame (including secondary air and control systems) 7. Exhaust Cylinder
9. Auxiliary Systems & Diffuser

6. Turbine Section

2. Compressor Section

3. Combustion Section

8. Casings &

5. Rotor & Structural

Operations

1. Inlet Section

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 8



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Secondary Flows
> Secondary Flow of the First Kind (driven by pressure gradient)
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» Secondary Flow of the Second Kind (driven by turbulence anisotropy)

|
|
|
A

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 9



Physics-Based Modeling of Gas Turbine

Secondary Air Systems TAKANI KI
|
Module 1: An Overview of Secondary Air Systems

3-D Turbomachinery Aerodynamics
(Primary Gas Path)
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Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 10



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Gas Turbine Cooling and Sealing Systems
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Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow

Copyright ® Takaniki Communications LLC, 2019. 11



Physics-Based Modeling of Gas Turbine
Secondary Air Systems

TAKANIKI

Module 1: An Overview of Secondary Air Systems

Suction

Trailing
edge

d 77

TN

Cooling air

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow

Airfoil Internal and Film Cooling (1)

intermal
cooling
passages

films of air protect
the external surface

internal feathures
enhance heat-transfer

Copyright ® Takaniki Communications LLC, 2019. 12



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Airfolil Internal and Film Cooling (2)

Shih, T. I-P. and Sultanian, B. K., “Chapter 5: Computations of
Internal and Film Cooling,” in Heat Transfer in Gas Turbines,

(Editors: B. Sunden and M. Faghri), WIT Press, Southampton,
Boston, 2001, pp. 175-225

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 13



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Role of Secondary Air Systems (SAS) In
Gas Turbine Design Engineering (1)
» Provides cooling flows to various critical components

» Provides sealing flows for bearing chambers and turbine rim
seals (to prevent hot gas ingestion)

» Controls bearing axial loads

» Parasitic to the main engine cycle and the energy conversion
process associated with the main (primary) flow path

» Involves up to 20% of the engine core flow

» Costs up to 6% of specific fuel consumption

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME Life Fellow Copyright ® Takaniki Communications LLC, 2019. 14



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Role of Secondary Air Systems (SAS) In

Gas Turbine Design Engineering (2)
d Examples:

» An aircraft engine upgrade through SAS redesign

» Competing secondary flow requirements of hot gas ingestion
and windage rise in rotor cavities

» Blocker flow in labyrinth seals
» High- and low-pressure inlet bleed heat systems

» Steam-cooled gas turbines

» Steam turbine secondary flow systems

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME Life Fellow Copyright ® Takaniki Communications LLC, 2019. 15



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

The Concept of Physics-Based Modeling

» A physics-based prediction method is formulated using the
applicable conservation equations of mass, linear momentum,
angular momentum, energy, and entropy over a control volume.

» The required auxiliary empirical equations in a physics-based
prediction method are in terms of key dimensionless quantities
with a broad range of applicability.

» The methods entirely based on empirical correlations from
model scale experiments tend to be postdictive, and are not
considered physics-based.

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 16



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Design Prediction Models

» In engineering, we use many different models for
accurate design predictions

(e.g., fluid models, flow models, turbulence models,
combustion models, etc.)

> A model that i1s not understood i1s a model that will
be used In the wrong way!

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME Life Fellow Copyright ® Takaniki Communications LLC, 2019. 17



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Physics-Based Themofluids Modeling
*» Conservations Laws:
J Mass — Continuity Equation

J Linear Momentum }

d Angular Momentum
d Energy — First Law of Thermodynamics

J Entropy — Second Law of Thermodynamics

Physics Is the Foundation of Engineering!

Mathematics iIs the Language of Physics!

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 18



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

3-D DNS & CHT

3 Continuity Equation: o + opu) =0
OX,
O Momentum Equations: o(pu;) + olpuyu) - O, + oo, +S.
ot | ox, | ox | ox,
P

S

0 Equation of State;: P = RT,

o(pe) N o(pu;e) _ oq; 3 o(Pu;) N o(u;o;) +O

U Energy Equation:

S
ot oX; 0X; oX; OX;
O;; = Stress tensor q; = Diffusive energy flux vector
S, = Momentum source vector s = Energy source term

RANS === | ES m— DNS

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 19



Physics-Based Modeling of Gas Turbine

Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Unified Industrial CFD
%* 1-D CFD: < IntegralCVv’s

“* Predicts 1-D variation in properties

% Each CV has a piece of wall

—)

Empirical correlations! ‘

“» 2-D CFD:

<+ Differential or “small” CV’s < Predicts 2-D variations in properties

+» Most CV’s without a wall

—)

Turbulence

models! ‘

% 3-D CFD:

<+ Differential or “small” CV’s < Predicts 3-D variations in properties

+» Most CV’s without a wall

4

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow

Copyright ® Takaniki Communications LLC, 2019. 20



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Key Components of SAS

Orifices (stationary and rotating)

Channels (stationary and rotating)

Free and forced vortices

Seals

O 0O 0 0 O

Rotor-rotor and rotor-stator cavities
(swirl and windage)

J Nodes (junctions or chambers)

J Interfaces (change of reference frames)

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 21



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

A Flow Network

A flow network consists of elements (links or branches) and junctions (nodes).

Each element is characterized by a unique mass flow rate, heat transfer, and
work transfer (rotation).

Each junction is characterized by state variables like pressure, temperature,
swirl, etc., and has zero net mass flow rate associated with it (steady state).

My, +M,; =My,

QO my, =—My

Boundary junction

m,,+m,+m,, =0

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 22



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Junction Modeling (1)
d  Continuity Equation

Zmiij where J# i

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 23



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Junction Modeling (2)

d Energy Equation
To ensure energy conservation at each internal junction, we can compute
the mixed mean total temperature of all incoming flows. All outflows
occur at this mixed mean total temperature.

j=ki

Z;sijmijTtu
T ==

t, — j=k
Z O;M;;

|
j=1

where o
J#1
for inflows (m;; <0), Sij =1
for inflows (m;; > 0), Sij =0

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 24




Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Handling Internal Choking and Normal Shocks

d Compressible flow in a variable-area duct may feature internal
choking at a section where M = 1.

 If the flow area increases beyond the choked-flow section, the flow
becomes supersonic with the possibility of a normal shock if the duct
exit conditions are subsonic.

d Agood way to simulate the choke-flow section is to make it coincide
with a interface between adjacent control volumes.

d For simulating a normal shock, it is better to imbed a thin control
volume within which the normal shock occurs.

Note: The flow properties vary continuously across a choked-flow section;
however, they vary abruptly across a normal shock.

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 25



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Determining Element Flow Direction (1)

 To yield accurate solution of a compressible flow network, the flow
direction in each element must be determined on physical grounds.

 For an adiabatic flow in an element when one or more effects of
area change, friction, and rotation are present, the entropy must
always increase in the flow direction.

Thus, for the flow from section 1 to section 2 of an element, we can write

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 26



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Determining Element Flow Direction (2)

1 Heating of the element flow increases its entropy downstream, and

cooling decreases it. For applying the entropy-based criterion, it is
Important to remove the contribution of heat transfer to the total

entropy change over the element.

hAw (Tw _ t) — me (th _Ttl)HT
B (th _Ttl)HT
n

T.=T, -

t

mc
hA:, (Tt2 _Ttl)HT =T,

where T, Is the average total temperature for convective heat
transfer over the element.

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 27



Physics-Based Modeling of Gas Turbine
Secondary Air Systems

TAKANIKI

Module 1: An Overview of Secondary Air Systems

Determining Element Flow Direction (3)

(As),r Cp ( )HT
R R Tt
Thus, the entropy-based criterion to be used with heat transfer is as
follows:
S; =35 . (AS)HT _ C_P< In th )HT Ptz >0
R R R Ttl Tt :

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow

Copyright ® Takaniki Communications LLC, 2019. 28



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Generating Initial (Starting) Solution

1 Hagen-Poiseuille Flow (Fully developed laminar flow in a pipe)

AN S - —

(LY o) e 64 _ 64u 5 p =f64_u)(5)(1 \—/2)=(32uL)\—/
AR=RA, f(D)(z"V) Re, pvD| |+ = \pvD D) 2" D?

b p (32;9_)\_/ _ (128u:_]m
to D pnD

4
m, =2,(P, -P, ) 8, = | P2
I NI 17128 L

1 The relation between static pressure drop and mass flow rate is linear!
Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 29




Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Robust Iterative Solution Methods (1)

d In a flow network, for an assumed initial junction properties, all the
mass flow rates generated in the connected elements will most likely
not satisfy the continuity equation at each junction. At an internal
junction | in the flow network, we can thus write

J=K;
Z m,; =Z:mij = Am,
j=1 j

where

A, = mass flow residual at junction |

In a converged solution, we want to reduce Am. at each junction
below a specified tolerance.

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 30



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Robust Iterative Solution Methods (2)

1 For the junction solution, let us assume that the mass flow rate m;
through each element e; depends only onP, andP, . At each
iteration, our goal is to change the junction static pressu res so as to

annihilate Am;. Accordingly, we can write

2. d(m;) =d(Am;)=0-Am,

(amu EBr'nij ) _
E AP + AP, |=-Am.
,— \aPsi ast ,)

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 31



Physics-Based Modeling of Gas Turbine
Secondary Air Systems

TAKANIKI

Module 1: An Overview of Secondary Air Systems

Robust Iterative Solution Methods (3)

From m; =a;(P, —P, ), we obtain om;; / 0P, =a;; and om; / oP, = -3,

giving

J ]

D (a;AP, —a,AP, ) =—Am,
J

—a,,

2.2

]

old

_APsl | __Aml ]
APSn —Am_ | i

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow
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Physics-Based Modeling of Gas Turbine

Secondary Air Systems TAKANIKI
Module 1: An Overview of Secondary Air Systems
Robust Iterative Solution Methods (4)
-'-]11 -9 | _Apsl - __Aml
J o e _APsn drew |—AM,

where the coefficient matrix is called the Jacobian matrix:

- . Zal. .. —a
] 1n
J, . . ,-

n

_‘]nl o ‘Jnn_ _anl . Zanj
J

In a typical flow network, Jacobian matrix is generally very sparse with

only a handful of non-zero entries.

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 33



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Robust Iterative Solution Methods (5)

d Newton-Raphson Method

1. Generate an initial distribution of static pressure at each internal
junction of the flow network.

2. Compute mass flow rate through each element.

3. Compute Jacobian matrix from element solutions.

Compute mass flow rate error at each internal junction.

Use a direct solution method to obtain the vector of changes in
static pressure at all internal junctions.

6. Obtain the new static pressure at each internal junction:

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 34



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Robust Iterative Solution Methods (6)
d Newton-Raphson Method

(P.). = (P ) (4.,

where . IS an under-relaxation parameter specified for each junction
to help the solution convergence.

7. Repeat steps from 2 to 6 until |am,| <8, where §, is the
acceptable maximum error in the mass flow at any internal
junction.

8. Solve the energy equation at each internal junction.

9. Repeat steps from 2 to 8 until |(T, )y —(T,)..| <8, Where §, is the
maximum acceptable difference between the total temperatures at
any internal junction in successive iterations.

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 35



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 1: An Overview of Secondary Air Systems

Robust Iterative Solution Methods (7)
d Modified Newton-Raphson Method

J.+A . . J. ] [AR ] [-Am,”
J. o Ju+A] | AP —Am, |

where the damping parameter A, which is auto-adjusted during the
Iterative solution process, ensures that the Jacobian matrix remains
diagonally dominant, preventing it from becoming singular.
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Robust Iterative Solution Methods (8)
O Modified Newton-Raphson Method

1. Generate an initial distribution of static pressure at each internal
junction of the flow network.

2. Set }"old =0.5 and xnew = 7\'old-

3. Compute mass flow rate through each element.

Compute residual error of the continuity equation at each internal
junction and the corresponding error norm

1 2
E,o= \/Hg(Ami)
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Robust Iterative Solution Methods (9)
O Modified Newton-Raphson Method

5. Compute Jacobian matrix from solution for each element in the
flow network.

6. Modify the Jacobian matrix by adding to all its diagonal
components.

7. Use a direct solution method to obtain the vector of changes in
static pressure at all internal junctions.

8. Obtain the new static pressure at each internal junction:

(P.)... =(7:).,(aR.),.

9. Compute mass flow rate through each element.
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Robust Iterative Solution Methods (10)
O Modified Newton-Raphson Method

10. Compute error of the continuity equation at each internal
junction and the error norm

1< C\2
=\/H§(Ami)

11. If E o > Eqq, set Ao = 2A 4 and repeat steps from 6 to 11.

12. Set A’new =7"old /2

13. Repeat steps from 5to 12 untilg,__, <6, , where 5t IS the
maximum acceptable value of Enew
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Robust Iterative Solution Methods (11)
d Modified Newton-Raphson Method

14. Solve the energy equation at each internal junction.

15. Repeat steps from 5 to 14 until J(T og — (T, )new‘ < Sto,, where Sm,
IS the maximum acceptable difference between the total
temperatures at any internal junction in successive iterations.

Note:

Modified Newton-Raphson method provides a robust alternative to
the standard Newton-Raphson method, which is sensitive to initial
solution, often requiring adjustments of under-relaxation parameters
to obtain a converged solution of the flow network.
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Role of 3-D CFD in SAS Modeling (1)
J Definition of CFD

CFED is the numerical prediction of the distributions

of velocity, pressure, temperature, concentration, and
other relevant variables throughout the calculation
domain

CFD Offers A Physics-Based 3-D Prediction Method.
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Module 1: An Overview of Secondary Air Systems

Role of 3-D CFD in SAS Modeling (2)

d The Conservation Equations in a Common Form

® =1, U, h, and m,
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Role of 3-D CFD in SAS Modeling (3)

J CFD Modeling Methodology

r R FN ar-Stokes | R d ™ '
' i avier-Stokes / Reynolds
[ Design Physics ] IZ:} E uatons
+
N Boundary conditions
(4 \ y
= -
F LL T
= O
Interpretation of Results N ol Solut
fﬂrDEEignﬁlpFﬂiﬂa’[iDng <:[ umencal olution
. .
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Role of 3-D CFD in SAS Modeling (4)
d CFD Using a Commercial Code

Problem Specifications

) G )

J

Equations (FDE's)

fhverning Conservation

J |

Discretization Schemes ]

Fhysical Models

CFD Code

J |

(:e.gjurhulence Model)

Mumerical Solution Methnd]

=~/
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Role of 3-D CFD in SAS Modeling (5)

1 3-D CFD yields detailed micro-analysis results

J SAS Modeling yields macro-analysis results

1 3-D CFD analysis is an excellent means of quick and cheap
flow visualization

 3-D CFD results can guide simplified SAS modeling of a new
component / flow field
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Role of 3-D CFD in SAS Modeling (6)

An Example

Frimary flow

| 171 —

ree \ortex

O Intuitive flow field schematic in a compressor rotor cavity with radial inflow
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Role of 3-D CFD in SAS Modeling (7)

An Example

Frimary flow )
| 71 —
|

-|—t—|-

/?ﬂ; A m}“
| |

O Counter-intuitive flow field schematic in a compressor rotor cavity with
radial inflow
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Physics-Based Post-Processing of CFD Results (1)

O CFD computes for each cell face or node the following primitive variables
of the flow field:

V,,V,,V,,P, h(orT,),p
O Two key requirements for a section-averaged quantity:

1. Averaging must preserve the total flow of mass, momentum, angular

momentum, energy, and entropy through the section and total surface
force or torque at the section given by the CFD solution.

2. Assuming the section to be a control surface, the computed section-

averaged guantity must be usable in an integral control volume
analysis.
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Physics-Based Post-Processing of CFD Results (2)

s Without any loss of generality, the section is assumed to be normal to x-
axis (main flow direction).

s Step 1. Compute mass flow rate through the section

m=[[ pV,0A
Note: VX can be either positive or negative.

s Step 2. Compute flow of static enthalpy through the section

h, = [[ h.pV,dA
Note:VX can be either positive or negative.
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Physics-Based Post-Processing of CFD Results (3)

* Step 3: Compute section-average static enthalpy

s Step 4: Using property tables or functions, compute section-average static
temperature and specific heat at constant pressure

h,— T, andc,

s Step 5: Compute flow of kinetic energy through the section

=y jj [ ]pV dA Note:V can b_e either positive or

negative.
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Physics-Based Post-Processing of CFD Results (4)

** Step 6: Compute section-average specific kinetic energy

V? _ Ewe

2 m
< Step 7: Compute section-average total temperature

_ P
Tt — Ts + —
2C,
s Step 8: Compute section-average ratio of specific heats
_ )
K=— R = Gas constant
C. —R
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Physics-Based Post-Processing of CFD Results (5)

+* Step 9: Compute section-average static pressure

deA

[[dA

Note: PS IS an area-average quantity.

s Step 10: Compute section-average total pressure
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What Is Entropy?

| } 02 | Reversible process
T A I o Il Reversible process
11l Irreversible process
> ]
T
S

dg 2dg Ak
s 2=|: 2 revi| =|: Ji| >|: ﬂi|
[ ]1 L TS e "'1 TS S L Ts Path 111
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Computing Change in Entropy (1)

 The First Law of Thermodynamics

< In terms of specific enthalpy (h,)

dh, =060 —0u; + dP
P

For a reversible process du; =0, giving

dh, =89, + %P,
p
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Computing Change in Entropy (2)

d The Second Law of Thermodynamics

L _ 80,
1

S

Combining the first law (in terms of enthalpy) and the second law
of thermodynamics yields

P dh., dP
th=TSdS+dS or ds=—-—
p T, pT,
For a calorically perfect gas, we obtain
ds=c, dT, R dP,
TS I:)S
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Computing Change in Entropy (3)

Now 2d _[2dT, R 2dP,
.[1 S_CPL T, B .[1 P,
or
4 ) 4 )
T, P,
S,—S, =C, IN| — RIn|
T P
\ 51/ \ 1/
or
¢ .
P52 (Tsz\ R _(52F—251) (Tsz\K_l _(32;51)
Psl \Tsl) \Tsl)
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*» For an isentropic process

or

s,—s, =0 =

Computing Change in Entropy (4)

Using the equation of state, we obtain

P
pe

= Constant

and

1 1
p82 I:)S2 « T82 K
psl - Psl - TS1
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Entropy Change in Terms of Total Properties (1)

T

P. <P T52 >TSl
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Entropy Change in Terms of Total Properties (2)

T . Ptz/P Note:
) _T,.=T, —
}Vz ] Szr _Slr _SZ_Sl
2’ % For Tu = T2 we obtain

/ P,
S, —S, =—RIn =

t

1 2 S

Thus, for an adiabatic process 32 > Sl and Pt < Pt
2 1
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Dimensionless Entropy

< Dimensionless Local Specific Entropy ( S*)

TS PS
S,—S,=C, In| == |-RIn[ =
TS I:)S
1 1
( C_p\ ( K )
R
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Entropy Map Generation and Interpretation

¢ Step 1: Obtain 3-D CFD results in the domain of design interest.

% Step 2: Compute §i";"et, which is the average value of s*at the
domain inlet.

< Step 3: Post-process 3-D CFD results to compute (S* —S. .. )
whose contour plot becomes the domain entropy map.

¢ Step 4: The regions of high entropy production are the regions
to be reduced or eliminated in the next design iteration.
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STION

) >
@ p
© \‘ 3

QUE
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CAMBRIDGE

AEROSPACE

SEREES

GAS TURBINES

Internal Flow Systems
Modeling

BIJAY K. SULTANIAN

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 63



@VIE " TAKANIKI
INTERNATIONAL GAS =
TURBINE INSTITUTE

Physics-Based Modeling of Gas Turbine
Secondary Air Systems
Module 2: Special Concepts of Secondary Air Systems — Part |

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA
ASME L.ife Fellow

Takaniki Communications, LLC
Oviedo, Florida, USA

Internal Flow Systems
Modeling

ASME 2019 TURBO EXPO

Phoenix, Arizona, USA
Sunday, June 16, 2019

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 20109.


http://go.asme.org/IGTI

Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 2: Special Concepts of Secondary Air Systems — Part |

Module 2

Special Concepts of Secondary Air Systems — Part |
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Module 2

d Special Concepts of Secondary Air Systems — Part |

Free vortex

Forced vortex

Rankine vortex

Windage

Compressible mass flow functions

Loss coefficient and discharge coefficient for an
Incompressible flow

Loss coefficient and discharge coefficient for a compressible
flow
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\ortex

Among the vortices Is one which is slower at the center
than at the sides, another faster at the center than at
the sides.

— Leonardo da Vinci
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Free VVortex in Nature

O A Tornado Funnel O An Infrared Satellite Photo of Hurricane Gilbert
( 14 September 1988; NASA Plate)
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Forced Vortex

d Initial State without Rotation 1 Solid Body Rotation
i un QO
; ! 5 202
; ! Ah = Do
! ! 29
i | v 7 A B

: 3 : g & R,
!‘ | Ro !: - -p
Fluid ! Fluid !
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Vortex (1)
d Free Vortex (Potential Vortex)

a\_| '
V{L o V9=E=roQ C= FOZQ

\\ o
¢ Cartesian coordinates: ¢ Cylindrical coordinates:
. C ~ CX ~ — C.
V = > .4 > 1+ — > J V=—¢,
X +Y X +Y I
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\Vortex (2)
J Free Vortex (Potential Vortex)

++ Cartesian coordinates

— Cy = Cx =
V =— 1 +
X2+y2 X2+y2
divw=vev=2[__S¥ |, O _CX |_o
OX X°+Yy oy\ X“+vy
_ _ oV ~
curlV =V xV = y _ OV k
OX oy

o CXx o -Cy ~
— 2 2 |~ 2 2 k=0
OX\ X“+VY oy\ X +vy
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Vortex (3)
J Free Vortex (Potential Vortex)
¢ Cylindrical coordinates

— C .
V=TS Wity
div\7=Vo\7=1 O (C)+9=O

roo r r

1{1o(rV,) 1oV,
W, =0y =—0 =71~ -
2|(r or r 00

curlV=VxV =
r Or r 00

-

C N
1 a(rr 18(0) | ~
r

“ ~
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\Vortex (4)
J Forced Vortex (Solid-Body Rotation)
Y v ]
NV, V, =rQ ’

r /
0
» X » X

% Cartesian coordinates: |\/ — —Qy’i\ + €2 Xj

—_—

% Cylindrical coordinates: |V = rQe,

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 10



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 2: Special Concepts of Secondary Air Systems — Part |

Vortex (5)
J Forced Vortex (Solid-Body Rotation)
% Cartesian coordinates

—

V = -Qvi + QXj

- _ O O
divV =VeV=—(@(-QvVv)+ —(2X)=0
o ax( Y) ay( )

_ _ oV ~
curlV =V xV = y _ OV k
OX oy
_ a(QX) _ a(—Qy) Iz _ ZQI’%
OX oy

Note: For a forced vortex (solid-body rotation), the curl of
velocity at a point is twice the rotation vector.
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Vortex (6)
J Forced Vortex (Solid-Body Rotation)
¢ Cylindrical coordinates
V =rQ2e, S0 = r60 r

1 O
r 00

divV =V eV =

(re) 4

O—O

M, =0, =—0, 2{]’

or

10(rv, ) 16V
r 00

W)

curl\7=Vx\7_{

10(rV,) 106V, }|2

r or r 00
2
_{1 o(r:Q) 1 6(0)}k .
r or r
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Vortex (7)

¢ Angular velocity and vorticity are constant in a forced vortex
(solid-body rotation).

/

“* The free vortex (potential vortex) has zero vorticity outside
the core, and its angular momentum remains constant.

Movement of a tiny rod floating in water:

N

Forced Vortex Free Vortex
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Vortex (8)

J Rankine Vortex (Combination of Free and Forced Vortices)

v

-
Q

r Q, (r<r,) Forced Vortex
Ve(r) =10 r02
. (r>r,) Free \ortex
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Vortex (9)
d A Generalized Vortex

L)

L)

» Ageneralized vortex is characterized by an arbitrary radial distribution
of the swirl factor

S; =1,(r)
. . . V,
where the swirl factor is given by the equation: Sf —_9
re)
» A nonisentropic generalized vortex additionally features an arbitrary
radial variation of its total temperature given by

T, =1,(r)
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Vortex (10)

O Vortex versus Parallel Flows

% \ortex Flow «» Parallel Flow
Streamline
Streamline
Isobar Co A
T
T
T
P
Isobz{I

Streamlines and isobars are Streamlines and isobars are

concentric circles. normal to each other.
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Vortex (11)

d Avortex is characterized by swirl or tangential velocity at

any point in a flow field, and it is generally specified by a
swirl factor (S;)

Fluid RPM
O Free Vortex >t = moor v | K =Sy
r\V. = Constant or S, = 1
0 =

J Forced Vortex (Solid-Body Rotation)
S, =C,

J Generalized Vortex
S; =1(r)
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Vortex (12)

d Free Vortex Versus Forced Vortex

Free Vortex: Free \Vortex:

C
(Sf = r_21)

Forced Vortex: S
f

F V :
v, =rQC,) orced Vortex

(S, =C,)

v

I

I

v
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Static Pressure and Static Temperature Changes in an
Isentropic Free Vortex (1)

> For an isentropic process:

Ps_ ¢

Ps
Taking log of the above equation yields
P
— — S
INP,=InC+x Inps=InC+x In(ﬁ)
S

=InC+x InP.-xInT,—x InR
Differentiating the above equation and rearranging terms yield

dPS _ K dTS (1)
P \k-1) T

S
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Static Pressure and Static Temperature Changes in an

Isentropic Free Vortex (2)
» Radial pressure gradient in a vortex is given by

dPS_pSV92= P V¢
dr r RT, r

2
dP, _ V, dr 2)
P. RT T
. dP . .
Substituting for —S from Eq. (2) in Eqg. (1) yields
PS
g7 [ K1) Vedr _ Vs dr 3)
> kR ) r C, I
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Static Pressure and Static Temperature Changes in an

Isentropic Free Vortex (3)
» For a free vortex

C C
V. =238 or §, =—1 (4)
0 r f rz
where C
C, ==
Q2
Substituting forVe from Eq. (4) into Eq. (3) yields
2 CZ | e2dr
I dTS —_ —3 3
1 C, Jr
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Static Pressure and Static Temperature Changes in an
Isentropic Free Vortex (4)

C:\[1 1
T )= (2)(J

k-1 1
Usmg( ) = — , We obtain

kR C,

(T —T )_(K—l) C:1 1
w2 AkRN\2 3
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Static Pressure and Static Temperature Changes in an
Isentropic Free Vortex (5)

T 2
SR k) | VES RS
T 2 )

Sq r-2
T, k-1 r I’
2 =1+(—)|\/|91 2 -1|% (5)
TSl 2 I, I,
where
V.
MO —_— 91 — £ C3 \

o RT, JxRT, )1,
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Static Pressure and Static Temperature Changes in an
Isentropic Free Vortex (6)

» Pressure ratio between any two points in a free vortex is then computed
using the isentropic relation

- — -_ k-1

P T k-1 _ 2
N A A
P, T, I 2 ' I,

P K1 2 2 k=1
I JLER i E L2 VR R L ©)
I:)s1 Tsl B 2 : rl r.2
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Static Pressure and Static Temperature Changes in an
Isentropic Forced Vortex (1)

> For a forced vortex
V,=rS, Q (7)

Substituting for Vefrom Eqg. (7) into Eg. (3) and integrating from 1 to 2
yields

deS= 5, Q° frdr

Cp

S, Q2
2C

(T32 _ Tsl) — (r22 _ r12)
P
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Static Pressure and Static Temperature Changes in an
Isentropic Forced Vortex (2)

. (K—l) 1 _
Again using] —— | = —, we obtain

kR C,
k—1Y S.°Q?
(TSZ—T31>=( : ) prl GEL)
T, k-1 3
= =1+( > )Mel(T_l) (8)
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Static Pressure and Static Temperature Changes in an
Isentropic Forced Vortex (3)

where

r,S;
JKRKl

» Pressure ratio between any two points in a forced vortex is then computed
using following the isentropic relation

My, =

P, (T ) (. k=t 2 )
32 — > — 1 +(—— M 2 (22— 1 (9)
Psl T51 [ ( 2 ) ; ( r12 )]
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Free Vortex versus Forced Vortex (1)

» Inafree vortex, angular momentum, not angular velocity, remains constant.

» In aforced vortex, angular velocity, not angular momentum, remains
constant.

» Note that from Equations (5) and (8), we obtain

2
T, -T, (T.-T, r?
Ts Ts If-lz

1 Forced Vortex 1 Free Vortex

Tsout B Tsin — Tsout B TSin rozut (10)
Ts- Ts- rii
in Forced Vortex in Free Vortex

In Eq. (10), subscripts “in” and “out” refer to inlet and outlet, respectively
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Free Vortex versus Forced Vortex (2)

» From Eq. (10), note that for both radially outward and inward flows with
identical inlet conditions, outlet static temperature for a forced vortex is
always higher than that for a free vortex.

» Similarly, for both radially outward and inward flows with identical inlet
conditions, outlet static pressure for a forced vortex is always higher than
that for a free vortex.

» 1It’s a simple exercise to show that the total temperature and total pressure
of a free vortex in an inertial reference frame remain constant. (T, =T,
andP, =F,)

For an isentropic forced vortex:

and =
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Free Vortex versus Forced Vortex (3)

» Ajoint equation for both free vortex and force vortex is written as

where n = 1 for a free vortex, and N = —1 for a forced vortex.

» Static Temperature Change:

» Static Pressure Change:

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow
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Free Vortex versus Forced Vortex (4)

d  Pressure and Temperature Changes in an Isentropic Free

\Vortex

T -1 7 \r? Ve, C
St G A e P B Dy =~ ol =g
T, 2 A - «RT, | /xRT, ),

P T, <t _ 2 > Tet

Sy — S2 — 1.|. K_l Mg r_22_1 r_:l.2

PSl TS1 2 1 r-l r-2

th —_— -I-,[1 Pt2 —_ tl
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Free Vortex versus Forced Vortex (5)

d  Pressure and Temperature Changes in an Isentropic Forced

\Vortex
TS (K—l) r2 I Sf Q
2 =1+ ——= [M} (5 -1)| [Me, =
TSl 2 ! rl \/KRTsl
P, (T (k=102 )
Sy — S, — 1+ M2 _2_1
P81 (Tsl } [ ( 2 ) 91(rl2 )]
2 2
T =T +V92 _V91 =T _I_S?QZ(rZZ_rlZ)
t, t, C, t, C,
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Free Vortex versus Forced Vortex (6)

O Forced Vortex Modeling of a Free Vortex

C

I \/FreeVortex: Sf=_21
I
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Free Vortex versus Forced Vortex (7)

1 Forced Vortex Modeling of a Free Vortex

C,
2

Free \Vortex: S =
r

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow

+» For the free vortex:

> At rl : Vel, Ps1 -I-s1
> At L, :
2 Vez’ PS2 TSz
V,r
rz

% For the equivalent forced vortex:

Vo, +V, Ve

I+, I,
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Free Vortex versus Forced Vortex (8)

d  Forced Vortex Modeling of a Free Vortex

«* For the free vortex, we can write
Free Vortex:

TSz k-1 2 r22 I’-12
T =1+ N Mo | 2—1|=%

51 Jfree vortex rl r2

S V
f M 5 —_ 91
- JxRT
0 r T52 _ k-1 VB21 r22 —1 r_l2
1 P r T, 2 JkRT,_\r! re
— > 1 Jfree vortex 1

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow
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Free Vortex versus Forced Vortex (9)

 Forced Vortex Modeling of a Free Vortex
¢ For the equivalent forced vortex, we can write

T. — 2 r.QQ
Y ) XU
T, 2 o ' kRT
1 /forced vortex
T -1\ Q% r;
2 =1+(“ ) 2 (%)
Tsl forced vortex 2 KRTSl rl

T, ~-1) Ve, 12 r? T,
2 =1+ K 0 12 ( 22 _ 1) — 2
Tsl forced vortex 2 KR-I-Sl r; Tsl free vortex
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Free Vortex versus Forced Vortex (10)

 Forced Vortex Modeling of a Free Vortex

Since for forced vortex core with the mean angular velocity, we have
shown that

T T,

Sy

S1

51 Jforced vortex free vortex

We can also write

K K
k-1 k-1
PSZ _ TS2 _ PSz _ TS2
Ps Ts Ps Ts
1 /forced vortex 1 /forced vortex 1 /free vortex 1 /Jfree vortex

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 37




Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 2: Special Concepts of Secondary Air Systems — Part |

Isothermal Forced Vortex (1)

2
d Radial Momentum Equation: (;PS _ PV
r r

For a forced vortex: V, =rS;Q

P

S

RT

S

For an isothermal vortex (T, = constant): P =

Substituting in the radial equilibrium equation yields

P RT, r

S

dP, 3207 dr (S
= = rdr
RT,
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Isothermal Forced Vortex (2)
20\2
-“Pszdps _ SfQ zr dr
Pa P, RT, N

F) 2022 2
il e | r;S;Q r22_1

P, 2RT, J\r

r, S, Q

P, kM? (2 My, = —F—=
In[P2J= 201[22_1] wnere S

I, =T =1
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Isothermal Forced Vortex (3)

d Comparison of Isentropic and Isothermal Pressure Rises in a
Forced Vortex

2.6 - =]
2.4 ‘Hﬁ=&j

2.7 - |lsothermal forced vortex

2.0 1

-~

k] 13 b

o

1.6 - Isentropicforcedvortex

1.4 -

1.2 1

1{. L T T T T T T T 1
1 1.2 14 1.6 1.8 2 2.2 2.4 2.6
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Pressure and Temperature Changes in a
Nonisentropic Generalized Vortex (1)

» Radial pressure gradient in a vortex is given by

dp _PVGZ dP, Vy dr

S

dar r P, RT, 1

which can be expressed in terms of rotational Mach number as

2
dr, =K(%]dr

P I
where
V
M, = —=2
kRT
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Pressure and Temperature Changes in a
Nonisentropic Generalized Vortex (2)

2 2 2 L2
V,=5,Qr=fQr and T = T—V——fz—le '
2C, 2C,,

Thus, integration between I, and I, yields

p) dP P
_KL[ ]dr — In[P J KG

31

_ kG
PSZ = Psle

where (S is computed numerically using, for example, the Simpson’s
one-third rule.
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A Typical Windage Problem (1)

A rotor-stator cavity of a 50-Hertz (3000 rpm) gas turbine engine is shown below.
Coolant air at 400 ©C (absolute total), swirling at 60% of the rotor rpm, enters the
cavity at the inner radius. It exits the cavity at the outer radius with a swirl of 40% of
the rotor rom. The mass flow rate of the coolant air is 20 kg/s. If the total frictional
torque from the stator surface acting on the cavity air is 10 Nm, find the exit total
temperature of this air. The rotor-stator surfaces are adiabatic (zero heat transfer). All
guantities are given in the inertial (stator) reference frame. Assume air with

Cp = 1067 J/(kg.K).

— m=20.0kg/s

Stator

@

M=200KY/S

r,=20m
Rotor

e A n._._.

Rotationaxis ¢ —3000 rpm
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A Typical Windage Problem (2)

Solution

*» Angular velocity of the rotor:

Q= 30025‘ % _ 31416 radls

s Air tangential velocity at inlet (Section 1):

V, =0.6x314.16x1.0=188.50 m/s

*» AIr tangential velocity at outlet (Section 2):

V, =0.4x314.16x2.0=251.33 m/s
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A Typical Windage Problem (3)

s Torgque and angular momentum balance over the control volume between
Sections 1 and 2 yields

Frotor o Fstator = r.n(rzv()2 o rlvol)
Frotor = Fstator + m(r2V92 - rlvel)
=10+ 20(2.0x251.33-1.0x188.50)
=6293.18 Nm
* Air temperature increase in the rotor cavity is due to work transfer from
the rotor
AT, = Frot.or x Q2 _ 6293.18x 314.16 _ 96K
mc, 20x1067

Hence exit total temperature of air = 400 + 92.6 = 492.6 ©C
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Windage (1)
d What is Windage?

Windage —£ Viscous Dissipation

* No Windage in a Stationary Channel

T Adiabatic Walls with Friction (Fanno Flow) T
s,inlet s,outlet
—— ——
Tt,inlet Tt,outlet
Ts,outlet < Ts,inlet Tt,outlet = Tt,inlet

* Windage power is the net rotor power input into the surrounding
fluid.
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Windage (2)

d Pumping Power into a Forced Vortex M
s Constant Flow Energy Equation for the Control

Volume ABCD yields ‘

Stator Rotor
m(ht2 o htl) = Wpumping + Q bg 2 C‘:

S

% Assume a Forced Vortex of Constant Swirl _A ---i.f.-- B |"
Factor (Sy) Spanning from I, to I,
Iy
With Q=0 .
m

W mong =M (S, Q) (7 —rf) L] | A\ }

(radians/s)
47
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Windage (3)
: S ; R
Consider Control Volume ABCD aorg m, ST, e
D ____[-2__fJC
% Torque/Angular Momentum Balance i' | K
FBC,rotor B FAD,stator = (mV92 r, — mvel rl) _A L___'l‘__1__.' B
A
: 2 2 i, S, T,
=m(S; r, —S; 17)Q 2 I
¥
< Windage !
Don’t Use This
Equition! Wwindage — + BCotor Q _Qn
— : 2 2 2
Wwindage - FAD,stator Q+m (Sf2 r, — Sf1 g )Q
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Windage (4)

Stator Stator Stator

|
|
|
|
!
Rotor !
|
|
|
|
|
|

m, S, T, m,S, T, uﬂ mI, S,=1 ﬂﬂ
All-stator cavity Rotor-stator cavity Rotating pipe
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Compressible Mass Flow Functions (1)

1 Total Pressure Flow Function

F.AP F AP
|deal \// \/7
Fft =M . K+1
R(1+K—1M2)
2
I’if = M = K+1

(1+K VL )
2
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1 Static Pressure Flow Function

|deal

FAP, F AP,

TR

Copyright ® Takaniki Communications LLC, 2019. 50



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 2: Special Concepts of Secondary Air Systems — Part |

Compressible Mass Flow Functions (2)

0.8 - 16.0

0.7 - 14.0

0.6 4 - 12.0
. 05 - L 100 .
F, F
0.4 - - 8.0
0.3 - 6.0
0.2 - L 4.0

0.1 -

0

0.0 1.0 2.0 3.0 4.0 9.0
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Compressible Mass Flow Functions (3)

d  Finding Mach Number For a Given Static-Pressure Mass Flow
Function

Ieff =k M?* +0.5k(k—1) M*

A

0.5k(k—1)M* +kM? —F° =0

S

1
2

-K+ \/K2 + 2k (K - 1)I3ff
K(k-1)

M =
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Dynamic Pressure
L Dynamic Pressure Variation in a Compressible Flow

Dynamic Pressure Ratio =———7

o PV
©

0

o

-

(p]

v

o

o

©

-

@©

c

>

= 0 0.25 0.5 0.75 1 1.25

M
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Loss Coefficient Versus Discharge Coefficient (1)
d Inlet Minor Loss ( K, ;)

D &

|
|
|
|
:> : Pipe Inlet
I Loss
|
|

P, —P
I<in|et = Ptl Pt2
t, s,
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Loss Coefficient Versus Discharge Coefficient (2)

3 Inlet Minor Loss (K., )

P, —P P. +K. P
I<inlet = & ‘ Pt = _U inlet” s,
P, — P, 2 (1+ Kijer)

% Incompressible Flow

For an incompressible flow

2p(P, —P,)
K

K. .. pVs .
Ptl - Pt2 = It2p . ‘ mKinlet

= ApV, = Az\/

inlet
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Loss Coefficient Versus Discharge Coefficient (3)

P +K, P
mK- _ Asz A 2p Pt _ ( inlet 52)
inlet 1 (1+ Kimet)

inlet

\/ ZP |:Kinlet (I:)t1 - P32 )j|

= A2

I<inlet (l+ I<inlet)
2p\P, — P,

Kinet AZ\/ ( )
(14 Kiner)
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LLoss Coefficient Versus Discharge Coefficient (4)

1 Discharge Coefficient (C, ) C, = M acuan
m

ideal

* Incompressible Flow

» Bernoulli’s Equation between Sections 1 and 2 yields

v Vi
P +P . P - =P,

which gives
2(P
VZ—\/ ( t, 32)
p
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Loss Coefficient Versus Discharge Coefficient (5)
[ Discharge Coefficient (C,)

“* Incompressible Flow

. Z(Pt1 _ Psz)
Mc, = PA,C,V, =pA,C, 5 = A,C, \/29( Pt1 - Psz)

e, = A,Cq\2p(P, —P,)

2

where

Cd = Discharge Coefficient
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Loss Coefficient Versus Discharge Coefficient (6)

 Relation Between Loss Coefficient (K, .. ) and Discharge
Coefficient (Cq4 ) for an Incompressible Flow

. =A2\/2p(Pt1—P32) us =A2cd\/2p(ptl_|352)

" (1+ I'<inlet)
Thus, we obtain the following relation betweenK. = and C,
1
C,=
\/1 + I‘<inlet
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LLoss Coefficient Versus Discharge Coefficient (7)

 Relation Between Loss Coefficient ( K. . ) and Discharge
Coefficient (C, ) for a Compressible Flow

% Mass Flow Rate Calculation Using K.

nlet
P, —P P, +K, P "L LK Fe, AP
K t, 't 'y T Kinlet S, P T Kinlet M _ fpn 2
inlet t, — t S Kinee
P, — Ps 2 (1+ I<inlet) m= T
2 2 I:)s2 (1+ Kinlet)
where
k+l B k-1 7]
F, =M K "M\/K(PSZ | 2 |(P, )"
fpb, — 72 w1 — 2\ | p M., = 2 -1
R(“(K—DMSJ'H w)opand e T el (P,
2 _ -
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Loss Coefficient Versus Discharge Coefficient (8)

 Relation Between Loss Coefficient ( K. . ) and Discharge
Coefficient (C, ) for a Compressible Flow

% Mass Flow Rate Calculation Using C,

P = —
~ ~ ~ P 3 K-
R, =M, : M=M2\/;(Psz w,= |2 | 2] g
(K_l)Mg k-1 t and 2 = =)
Rl 1+——=
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LLoss Coefficient Versus Discharge Coefficient (9)

 Relation Between Loss Coefficient ( K. . ) and Discharge
Coefficient (C, ) for a Compressible Flow

s Let’s assume Ttl = th

Thenform, =m¢ , we obtain

—~

Fft2 A, Pt2 Fft2 C.A, Pt1 =

N ”

Fft Ptz Fft Pt + Kinlet Ps
Cd — — 2 or Cd — | — 2 1 2
Ff I:)tl |:ftz I:)tl (1+ I<in|et)

t2
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L_oss Coefficient Versus Discharge Coefficient (10)

 Relation Between Loss Coefficient ( K. . ) and Discharge
Coefficient (C, ) for a Compressible Flow

C Fft2 I:)tl + I<inlet P52
i Fft2 I:)t1 (1+ |<inlet)

( |:>tl " )
Fftz I:)S2 + inlet
Cd —_ ﬁ P
"t Ptl (1+ Kiper)
\ % J
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L_oss Coefficient Versus Discharge Coefficient (11)

1.000 1.000
0.950 - Pt1 6 = 1.2 0.950 - Pt1 L = 1.4
0.900 a2 Compressible 0-900 1 . Compressible
0.850 1 / C 0.850 -
C oo Incompressible @800 Incompressible
0.750 C = 1 0.750 A c 1 /
0.700 1 ‘ \ 1+ Kinlet 0.700 1 - \ 1+ |<inlet
0.650 : - - - 0.650 : : ; ;
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

K inlet K inlet

1.000 1.000
P
0.950 - t, — 0.950
0.900 - P, -0 0.900 - i P, = I
' ompressible ' 2 Compressible
Cé).sso . C 0.850 - /
0801 |Incompressible @s00 Incompressible
0.750 - C = 1 / 0.750 1 /
0.700 - a= | ) 700 A Ca= o
1+ Klnlet 0700 ‘ 1+ Kinlet
0.650 : : ' ' 0.650 . . ' '
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
K.
K inlet inlet
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L_oss Coefficient Versus Discharge Coefficient (12)

1.00
0.95 -

0.90 -

Compressible flow with
P /P =18

0.85 -

-

0.80 - /
Incompressible flow

1, =1/K+ 1

0.70

0 0.2 0.4 0.6 0.8 1
K
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Module 3
d Special Concepts of Secondary Air Systems — Part |1

= Stator/Rotor reference frames

= Euler’s turbomachinery equation
= Rothalpy

= Preswirl system

= Rotor disk pumping
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Stator/Rotor Reference Frames

Radial

Tangential Ve — WB + rQ

Tangental
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Euler’s Turbomachinery Equation (1)
(Rotational Speed: Q)

d Control Volume for a General Turbomachine

U,

Al U1
Ta
Q
i1 Vel

Flow direction
/v,

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow

¢ From Torque and Angular
Momentum Balance:

T, =M (r2V92 - rlvﬂl)

s Power = (Torque) x (Angular Speed)
W =m(r,V, —nV, )Q
U, =rQ U, =r,Q

WP = m(Uzve2 - Ulvﬂl)
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Euler’s Turbomachinery Equation (2)

J Combining with SFEE, we obtain the Euler’s Turbomachinery
Equation (for unit mass flow rate of the working fluid)

h, —h, =U,V, —U,V,

*» For Turbines:

h,<h, or UV, < UV,

s For Compressors and Pumps:

h,>h, or UV, > UV,
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Rothalpy (1)

¢ Euler’s Turbomachinery Equation

h

t, ht1 = U2V02 — Ulvel

% Rearranging Euler’s Turbomachinery Equation Yields

h, -U,V, =h, —U,;V, =1 |I=Rothalpy

* Rothalpy in Stator Reference Frame (SRF)

2
| = hS+V——UV0
2
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Rothalpy (2)
 Rothalpy in Rotor Reference Frame (RRF)
V, =W,
V. =W

W, =V, —U V, =W, +U

V2 =VZ +V. =W +W; +2W,U + U?

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 20109. 8
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Rothalpy (3)
J Rothalpy in Rotor Reference Frame (RRF)
2
|=h + Vo UV,
2
W? 4+ W? +2W ?
—h + Nt Wo +2W0+D" Gy 4 u)
2
WZ W2 2
—h + M AWo L wus S iuw, - U2
Thus 2 2
2 2 2 2
I=hS+W —U =ht —U—=Cth _U_
2 2 "2 2
For a rotor with no heat transfer:
U: U’ u? U2
Il — |2 or tR1—7l=htR2_72 or CPTtRl_7=CPTtR2_72
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Rothalpy (4)
¢ Equating Rothalpy Expressions in SRF and RRF
U’ U*
h, —UV,=h, —— Col, —UV,=C, T, ——
S R 2 S R 2
22 22
r-Q r
h, —-rQVy=h,——— Co Ty, —TQVy =cCp T, —
*»» Conversion of Total Temperature between SRF and RRF
Uuu-2vV, U(U+2W
TtR =Tts + ( 9) —I—tS =-I—tR + ( 9)
2C, 2C,,

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow
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Rothalpy (5)

+» Conversion of Total Pressure between SRF and RRF

PtR TtR el Pts Ts Kl
P | T P T
T — = T UU+2W,)| <
Pt =Ps ts +U(U 2V9) Pt =P, tr + ( + 9)
" T, 2¢, T, ° T, 2C, T,

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME Life Fellow Copyright ® Takaniki Communications LLC, 2019. 11
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Rothalpy (6)

J Conversion of Total Pressure between SRF and RRF

Using the fact that both static pressure and static temperature are
iIndependent of the reference frame, we can write

P (T |~*
PtS B TtS
UU=2V.) ]|~ [ oW, )| <
P. =P, {1+ ( 9)> Pt=Pt<1+U(U+ 9)>
R S L ZcthS J S R L ZcthR J
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Preswirl Svstem (1)

A Preswirl System Schematic

Role: To reduce blade cooling air temperature by
preswirling it to match rotor angular velocity

Point 1: Preswirl nozzle exit Outer seal

Pre-swirl nozzles

Point 2: Inlet to rotor cavity between
the cover plate and the  Turbineblade
rotor dlSk cooling air flow

Turbine
disk T

Point 3: Top of rotor cavity between the Inner seal /
cover plate and the rotor Cover plata
disk

Point 4: Blade root (inlet to blade internal

— . _._Gﬂ
cooling)
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Preswirl System (2)
d Flow and Heat Transfer Modeling

Assuming adiabatic conditions with constant C_ and invoking the concept of
rothalpy to relate total temperatures in SRF and RRF , we obtain at a point

uv 2
Tts — b — ‘|'tR _U_
C, Zcp
uv, U? uU?
T =T, ——f4+—=T, +—(1-25) s, = Yo
C, 2cIO 2cIO r
r.2 2
T =T+ 125
R s Zcp
. _ rZQZ B . _ e _ _rZQZ
Sf_o' TtR_TtS+ 2Cp Sf_o-5- TtR TtS Sf _1' TtR_TtS ZCp
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Preswirl System (3)

d  Flow and Heat Transfer Modeling

* Change in coolant air total temperature from point 1 (SRF)
to point 4 (RRF)

rZQZ rZQZ rZQZ
T, =T, +2—-(1-25 T, —=——=T, —-
tR1 t51 2Cp ( h ) tR4 2Cp tRl ZCp

T, -T, r)
e= ts, tr, =28f [pJ _1
r’Q’ T

Zcp

0 = Blade cooling air reduction coefficient
r’Q’
2C

Y

= Dynamic temperature of solid-body rotation at I,
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Preswirl System (4)

d  Flow and Heat Transfer Modeling

* Change in coolant air total temperature from point 1 (SRF)
to point 4 (RRF)

> 0 varies linearly with S. and
quadratically with T /I’

1.5 - 125

> Negative values of @implies
T, > T

> Fors =1, positive values of 0
occur only for r/r, >0.707

» Over-spinning (S, >1) the
coolant air must be balanced

against excess reduction in
static pressure

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 16
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Preswirl System (5)

d  Flow and Heat Transfer Modeling
¢ Turbine work loss coefficient

r’Q°S
T __ b f; =TtS _

1 Cp ’ Cp

242
I Q

~ Tt _Tt r ’
6=— 2 =1441-25 | 2| [ =1-6

( r’Q° } 'y
2C,

~

O = Turbine work loss coefficient
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Preswirl System (6)
d  Flow and Heat Transfer Modeling

\/

% Concluding Remarks:

> The design goal of higher value of @ and lower value of § is achieved
simultaneously.

> For 8>1 or @<1, the transfer system behaves like a compressor, and
for<1 or g>1, it behaves like a turbine.

» Must ensure adequate backflow margin to prevent any ingestion of
hot gases through the blade film cooling holes.

» For the same value of S;, V,will be higher, the higher the preswirl nozzle
radius, requiring higher reduction in static pressure.

» Preswirl radial location determines rotor disk pressure distribution and
Impacts axial rotor thrust.

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019.
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Rotor Disk Pumping (1)

1 Free Disk Pumping  Disk Pumping beneath a Forced
\Vortex T:{

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 19



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 3: Special Concepts of Secondary Air Systems — Part |1

Rotor Disk Pumping (2)

d  Free Disk Pumping

¢ Using von Karman’s integral momentum equations
for tangential and radial velocities with one-seventh
power-law velocity profiles in the boundary layer
and logarithmic law of the wall, we obtain - _pPRQ

rhfree disk(R) = 0219p R3 Q Regoz

rhfree disk(R) = 0219U R Reg.S

2.6
rhfree disk(r) = 02191~l R RGSS(%)

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 20
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Rotor Disk Pumping (3)

O Free Disk Pumping

prZQ]O.S N
n

ml = r.nfree disk(r) = 0219H r[

RZQ 0.8 r 26 — -y
rhZ = free disk (r) 0. 219uR(p ] (_) r Q

K

Note: ml =m2
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Rotor Disk Pumping (4)

d Disk Pumping beneath a Forced Vortex

2.6 ]
r.ndisk pump(r) = 0219I,l R RESS(%) C 0.9 |

0.2

0.7 A1
0.6

&=(1-0.51S,)(1-5,)"°

£ 05 -
{=(1-051S,)(1-S,)" s
Sf = Swirl Factor M0 01 02 03 o4 05 os o7 o8 09 1

Sy
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Rotor Disk Pumping (5)
 Rotor Disk in a Enclosed Cavity

Stationary enclosure
Boundary layer edge

Rotor disk
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STION

) >
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© \‘ 3
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Physics-Based Modeling — Part |
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Module 4
d Physics-Based Modeling — Part |

= Stationary and rotating orifices

= Stationary and rotating ducts

= Rotor-stator and rotor-rotor cavities

= Windage and swirl modeling in a general cavity

= Centrifugally-driven buoyant convection in compressor rotor

cavity with and without bore flow

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 20109. 3
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Element Modeling (1)

d Orifice
PP, . m A G P, .P,
——— @
T s 1 Orifice 2 T, 1,
o R AC,P,
RT,

where total-pressure flow function is given by

£ =M s

t k+1

\(1+ (K—;)MZ)H

Note: Mach number M is a function of pressure ratio I:’tl / F’S1

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 4
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Stationary and Rotating Orifices (1)

C? @ﬁ I’ = Inlet corner radius
d = Orifice diameter
Vo |6 v
L = Orifice length

V., Re = Reynolds number
m ;
Re = vd
\Y

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 20109. 5
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Stationary and Rotating Orifices (2)

d Discharge Coefficient (Cd)
=C,m

actual ideal

- r
M =A2[1_(A21/A1)2] [20,(P, -P,,)]"2Y s \\\\\\

* Expansion factor for a sharp-edged orifice

4
Y = 1.0—[0.41+ 0.35(%) } (P —P.,)

kP,

“ Expansion factor for a nozzle

o[ e 1= 1-(A/ A "
- k=1\ 1-r J1-(A,/A)*r¥x
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d

<

Stationary and Rotating Orifices (3)

Discharge Coefficient (C,)

Reynolds number |Re= vd

\%

Inlet corner radius-to-diameter ratio

r/d v \w

Orifice length-to-diameter ratio |L/d

Relative tangential velocity
(inlet flow angle of attack)

V, 1V

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow
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X
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Stationary and Rotating Ducts (1)

 Duct with Area Change, Friction, Heat Transfer, and Rotation
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Stationary and Rotating Ducts (2)

 Duct with Area Change, Friction, Heat Transfer, and Rotation

ENC
=g
F, +F
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Stationary and Rotating Ducts (3)
1 Total-Pressure-Based Modeling Equations (Not Physics-Based!)

P,—P,) =(P,-P,) +(P,-P,)
( L Y Jtotal L Y Jarea change t Y J rotation
_ +(P —-P )
+ ( Ptz Ptl )heat transfer b2 b Jtriction

Note: (Ptz B Ptl )areachange =0

= This approach ignores the nonlinear coupling between the momentum and
energy equations inherent in a compressible flow.

= \We cannot compute constant-area channel flow with both
Friction and heat transfer by simply adding values from Fanno and Rayleigh
flow tables!

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 10




Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 4: Physics-Based Modeling — Part |

Stationary and Rotating Ducts (4)
O Static-Pressure-Based Modeling Equations

% Continuity equation

m=p VA =p,V,A,

*» Total change In static pressure

P (r,—17) PV (x,—x))
2D,

P, —P, =0.5*p(V —V;)+

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 11
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Secondary Air Systems

Module 4: Physics-Based Modeling — Part |

Stationary and Rotating Ducts (5)

L Static-Pressure-Based Modeling Equations

s Outlet total temperature

2 2 2
T =T, e*‘+[‘T’V\,—Q (r; zrl) )(1—6“)+Q (I —h) (r,-r,e™)
" Rl CpM CpM
hA,, _
n=— h=0
mc,
T =T +(AT ) +(AT ) +(AT )
tr, try 'R JHT &R Jrot 'R Jeer

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 12
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Module 4: Physics-Based Modeling — Part |

Stationary and Rotating Ducts (6)

L Static-Pressure-Based Modeling Equations

s Outlet total temperature
where

(8T, ), = (T, =T, e = (T, =T, DA-e™)

Q° (r22 - r12)
2C,

(AT, )= (T =T =

(AT ) =_Qz(r2_rl)rln
'R JceT 2C,,

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 13




Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 4: Physics-Based Modeling — Part |

Stationary and Rotating Ducts (7)

1 Static-Pressure-Based Modeling Equations

¢ QOutlet static temperature ¢ Outlet total pressure
2 /(x-1)
V2 T K/(K
T, =T —--= P =P |t
2 R2 2CP tro S2 'I'82

¢ Density at inlet and outlet

PS Psz
P1 = R_Iis and P, = RT,

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 14
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Module 4: Physics-Based Modeling — Part |

Rotor-Rotor and Rotor-Stator Cavities (1)
 Rotor-Stator Cavity with Radial Outflow

U " ki
Stator Rotor Stator Rotor
Z’u } : _“_'”J_.._J_J 2
SR § ? 3()
ﬁ _——Hﬁ
i — e
‘ ﬂlr [y
'Yy
s Small outflow rate s Large outflow rate
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Secondary Air Systems

Module 4: Physics-Based Modeling — Part |

Rotor-Rotor and Rotor-Stator Cavities (2)
 Rotor-Stator Cavity with Radial Inflow

)

Stator Rotor

0

g ()

I

s Small inflow rate
Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow
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=

Stator Rotor

s Large inflow rate
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Secondary Air Systems TAKANIKI

Module 4: Physics-Based Modeling — Part |

Rotor-Rotor and Rotor-Stator Cavities (3)
1 Rotating Cavity

+»» Radial outflow +» Radial inflow
Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 17



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (1)

O Schematic of a General Gas Turbine Cavity and Its Key Features

." - - - W -
X Mult!ple surf_aces, which are R— ——
rotating, stationary or counter- = M K

rotating. mn\. ‘)

*» Each surface may be locally
vertical, horizontal, and IQE_-

inclined. )
_ _ bolts
< Multiple inflows and outflows : _
with different swirl, bolts —=m;
temperature and pressure |
conditions 1, = o\ ol
s Three-dimensional drag |
ﬂ.!
components, e.g., bolts | =imimimimimial - {r--mmmems

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 18
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Secondary Air Systems

Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (2)

 Daily and Nece (1960)

“Chamber dimension effects on induced flow and

friction resistance of enclosed rotating disks,” J.
Basic Engineering, Vol. 82, PP. 217-232.

L Q

‘ ’ . ’

Fluid

IQO
| IO rt(2nrdr)

T = Tangential shear stress
r

r+dr

) 4

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 19
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Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (3)
 Daily and Nece (1960)

1 .
t==pC, (rQ)>? Flow Regimes
2 . Laminar, merged boundary
L., = ETCpCfQZRS Iayer-s
"5 ° Il. Laminar, separate boundary
=£pCmQ2R§ layers
2 I11. Turbulent, merged boundary
Thus, layers
C =2_nc =ﬁ V. Turbulent, separate boundary
m 5 f QZRS
pas R layers

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 20



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (4)
d Daily and Nece (1960)

Stationary enclosure Stationary enclosure

Tangential
velocity

W-:i-"'..-‘!:-'Z-:i-"'..-‘!:-:i-"'..-'.:-i-?ﬁ-?ﬁ-i-?ﬁ-?ﬁ-i-?f:#

2%

B o B B o P P
Tangential

velocity

ey

Radial
0 velocity

Radial

%
%
.
%
%
%
; A
velocity %

i e e B b

F FA
e
=
e o«

A e Fr  Far iy

b,

AR
Rotor disk Rotor disk

/

< Merged boundary layers % Separate boundary layers

(Regimes | and I11) (Regimes Il and 1V)
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Secondary Air Systems TAKANIKI

Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (5)
 Daily and Nece (1960)

The four flow regimes are characterized by rotational Reynolds number Re and

dimensionless gap parameter G. Re=QR?/v| |G=S/R,
l. Laminar, merged boundary layers I1l.  Turbulent, merged boundary layers
C,=nG Re” C.. =0.040G™¢ Re™*
G <1.62 Re=/1! (G <0.57107° Re™¥1®
G < 188 Re /10 4G < 0.402 Re ¥/
G > 188 Re™*°

1. Laminar, separate boundary layers
_ 1/10 o —1/2 I\VV.  Turbulent, separate boundary layers
C_ =1.85G"’Re

fG > 1 62 Re—S/ll Cm - 0.05161/10 Re_lls
{G <057 10—6 Re15/16 G > 0402 Re—3/16
[Re<15810° Re >1.5810°
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Module 4: Physics-Based Modeling — Part |

TAKANIKI

Windage and Swirl Modeling in a General Cavity (6)
 Daily and Nece (1960)

0.07 -

1.58E+05

0.06 -

0.05 -

0.04 -

0.03 -

0.02 -

0.01 -

0.00

G=162Re"""

G=0.57%x10"° Re”'°

G=188Re~"*

IV

—3/1d

1.0E+03
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4.31E+04

1.0E+06
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Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (7)
1987 Reference for Windage Calculation

Windage Rise and Flowpath Gas Ingestion in Turbine
Rim Cavities

FRED HRASER
JAMES JACK
WILLIAM MCBREEHAN
General Electric Company, Cincinaati, Ohio

ABSTRACT

Typically cooling air must be metered into cavi-
ties bordering turbine disks to offset cavity air
temperature rise due to windage generated by air drag
from rotating and stationary surfaces andg the Tnges-
tion of hot mainstream gas. Being able to accurately
estimate the minimum amount of cooling air reguired
to purge turbine rim cavities is important towards
providing optimum turbine cycle performance and hard-
ware durability. Presented 15 an overview of a
method used to model windage rise and 1ngeat1nn an a
macroscopic scale. Comparisons of model results to
engine test date are jncluded.
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Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General CaV|ty (8)
0 1987 Reference for Windage Calculation |

Note: The methodology presented in this paper rerr-i_éins the Industry
bench-mark for windage computation.

Once the rotor drag and rotor boll drag is known by
the resolution of K {(Appendix I}, the cavity temper-
ature rise due to windage can be calculated:

(M ¥
Ty = L (4)

ETTEHEDHHE] + HE]}

¢ Correct form of Equation (4)

T —_ (Ma+Mg)Q
Y (TT8)(C, ) (W, + W)
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Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (9)

1987 Reference for Windage Calculation

Effects Increasing Angular Momertum and K

Rotor surface drag (disk pumping}

Rotor serew head drag

Coolant Tnjected with tangential velocity same

directien as rotor spin

Ingestion flow with tangential velocity same

direction as rotor spin

g Brag due to rotor serface imperfections such as
instrumentation wires

L

=

tffects Decreasing Angular Momenfum and K

o Coolant injected axially or in tangential
direction opposite to roter spin

Inner radius flow extraction

Stator surface drag

Stator screw head drag

Duter radius flow extraction and misc. Teakages
Urag due to stator surface imperfections such as
instrumentation wires

oo oo

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 26



Physics-Based Modeling of Gas Turbine
Secondary Air Systems

TAKANIKI

Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (10)

1987 Reference for Windage Calculation

Rotor S  Dirag
For disk serface drag Daily & Nece (3) derived:
Mg = (Cy)(. 5@edas) (6)

where Ly s the moment coefficient and Eq. 6 is for
both faces of the disk. Eg. & was converted to the
more generalized form:

Mp={Cepsa){ . Sgur a2 S rds) {(7)

Where Cpp is the rotor surface friction coef-
ficient, and the integral is the sum of moment-
weighted rotor surface drag areas for enly the sida
of the disk of interest, Through test experience,
and the experimental data of Daily & Nece (3), Cpp
is taken as:

Cpp = .042(1-K)]-3%/pe.2 {8)
with the Revnolds number modified as:
Re —gavala - Rp)fi {9)

where a and Ry are the cavity's outer and inner
radius, respectively,

Stator Surface Drag
For loss of angular momentum due to stator surface
drag, Rieck uses the generalized form:

Mg = {Cps/g}!( -&Nzﬂzgrdsl {15)

where through the experimental data of Daily & Nece
{3) and test experience the stator coefficient of
friction is taken as:

Cpg = .063(K)]-87/pe.2 {16)

with Reynolds number as in Eg. 9. The integral in
Eqg. 15 includes the endwall static surface area

thereby accounting for (s/a) drag as discussed by
Batly & Nece.

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow

Note: Equations (7) and (15) suggest

the assumption of a uniform shear
stress on the disk surface!
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Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (11)

O 1987 Reference for Windage Calculation

Note: Equations (7) and (15) suggest the assumption of a uniform shear

stress on the disk surface!
R0
[ = IO rt(2rrdr)

< Assume uniform tangential shear stress (T )

1 —
Fdisk=T0“‘O r(2rrdr)= ( )'%R3 TO=EpCf(ROQ)2

Lisk = ;PC QR C,=—C
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Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (12)

O 1987 Reference for Windage Calculation

*» Some Remarks

» The assumption of a constant T, for a vertical disk is generally not
true. In fact, the integral boundary layer analysis reveals that

A 2m
ToCl > Cm=?Cf

» The relation between C,,and Ef without any dependence on disk
geometry is possible only for a full disk, i.e., disk with R; =0 .

» Both C,,andC; are functions of radius which appears in Re™%.

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 29
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Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (13)

 Variation of disk torque ratio with radius ratio

1.2 -
1

0.8 -

I;wmﬂ
0.6 -
Fﬂﬁ

0.4 -

0.2
0

_____

Haaser et al. (1988)

0.4 0.6 0.8 1

| b

&
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Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (14)
d Single Rotor Cavity: Suggested Empirical Equations

+» Rotor Surface

C, =0.070(1-S,)*® Re™?

> Dynamic pressure: O-5P(1—Sf)2§22r2

«» Stator Surface

C, =0.1055,°% Re™?

» Dynamic pressure: O-5PS$QZI’2

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 31
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TAKANIKI

Windage and Swirl Modeling in a General Cavity (15)

m'm'"'[ ! L. - ] ! S-\.-FDL'.I: m.pu[ ! H—::..- ! I-;_--.._- ! S\.-FQL'_[
— T—Ir-—--"--
n e
L
= 5[ e 5
2 A k-
S 012 = - &
R E E e R j}lﬁ _______ Eﬂﬁ
(e |
o | F------ o
2 e
__1__-l___
3 LT
mm'l};n'l-?_[n'lsrﬂ mmJE:lJE;nJS.rm
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Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (16)

O Angular Momentum Balance — The Transcendental Equation

» For the control volume k whose inlet surface is designated by j and the
outlet surface by j+1, we write the following angular momentum equation:

Iy —Ts =m(r — 1V, ) =mM(r, Sy — 1S )Q

j+l j+l

» Assuming a forced vortex core with swirl factor Sf such that Sfj = ka
i . K +1
and substituting

r’“2 wridr

ref

'y =C %P(l_sf )°Q,

=0.044p(1-S; ) Q;

ref j+l

5 -0.2
—-1;7)Re
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Physics-Based Modeling of Gas Turbine
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Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (17)

O Angular Momentum Balance — The Transcendental Equation

and

T, =C, %psfk 02, [ 2rnr*dr = 0.066pS, *7Q’

ref j+1
d

5 -0.2
—1;7)Re

ref

yields:

2 -0.2
{0.044p(1-S, )** - 0.066pS, '} Q2 (1, - .)(pr ]

= M(15,Sy, — 7S )y

» Solve the above transcendental equation using the regula falsi method.
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Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (18)

1 Changes is Static Pressure and Total Temperature Over the
Control Volume

¢+ Static Pressure Change

2 _y2

P, —P, =p(S, Q) r’“Z ‘

Sj+1

% Static Pressure Change
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Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (19)
O Multi-Rotor Cavity: Suggested Empirical Equations

** Rotor Surface

C,, =0.070sign(B—S;)|p—S|

Re—O.Z

065‘ ‘065

where

O
P=05

pR?|B|Q

sign(B—S; ) = Sign of the term (B—S;) Re =

ref

> Dynamic pressure: |0.5p(B—S; )°Q7 I’

ref

¢+ Stator Surface

013 _02

C, =0.105/S,|
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Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (20)
O Arbitrary Cavity Surface Orientation: Conical and Cylindrical

Surfaces

4 4

Radial Radial

Conical N Cylindrical
Ar
-
J % R,
Radial Radial
R,
¥ 1 ¥ 1
R [
o _p__ o p__
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Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (21)

O Arbitrary Cavity Surface Orientation: Conical and Cylindrical
Surfaces
* Conical Rotor Surface Segment

J‘3 ZTCr
, SINo

1
I'e =C¢ EP(B_S )°Q,

cone ref

_ 0.044sign(B—S,)[B—S,[" " [B[ " p(B-S,)" Q% (rF - ;) Re™”
I:QCOI’IG Slna
where
i i -1 _PR;BlQ
sina = sin(tan™(Ar / AX)) Re = "
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Windage and Swirl Modeling in a General Cavity (22)

O Arbitrary Cavity Surface Orientation: Conical and Cylindrical
Surfaces
% Conical Stator Surface Segment

-0.13 22 5 5 -0.2
~ 0.066(S;| " pS{QL,(r; —1;)Re
S sina
where
2
Re — pReref
1)
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Windage and Swirl Modeling in a General Cavity (23)

O Arbitrary Cavity Surface Orientation: Conical and Cylindrical
Surfaces
* Cylindrical Rotor Surface Segment

C,, =0.042sign (B, )|B—S,[ B[ Re*? re- 2P

» Torque:

Rcylinder ref

=ch%p(13—s )20 sz 2nR2dx

065‘ ‘065

T e = 0-13251g0 (B—S) B~ S| p(B-S,)2Q%RIL, Re ™

ref

cylinder
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Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (24)
O Arbitrary Cavity Surface Orientation: Conical and Cylindrical

Surfaces

where

s Cylindrical Stator Surface Segment
8
C, =0.063S,[”' R
T, =0198[S[ "~ pSiQ%RiL, Re™
Re — pRt%Qref
1}

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow
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Windage and Swirl Modeling in a General Cavity (25)

(J Bolts on Stator and Rotor Surfaces

/7

s Small interference s Large interference
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Windage and Swirl Modeling in a General Cavity (26)

(J Bolts on Stator and Rotor Surfaces

+» Bolts on Rotor Surface:
_ 3 2 2
«» Bolts on Stator Surface:

' =0.5N,hbC,, I, RipQ,S;

where
N, = Number of bolts Cp, = Baseline drag coefficient of each
bolt (~ 0.6)
h'= Bolt height from the disk surface R, = Bolts pitch circle diameter
D = Bolt width along the radial direction |, = Bolts interference factor
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Module 4: Physics-Based Modeling — Part |

Windage and Swirl Modeling in a General Cavity (27)

(J Bolts on Stator and Rotor Surfaces

% Approximate correlations to compute interference bolts interference
factor

> For 1S§<2
d
S sY sY )
|, =20.908-61.855| — [+66.616] — | —30.481| — | +5.051| —
d d d d

> ForlS%<2

S (s) s
|b=5.7185—6.5982 — |+3.1375| — | —0.6878| —
d (d) d

% s\’
+0.0717] — | —0.0029 (—)
\d d
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Windage and Swirl Modeling in a General Cavity (28)

d Concluding Remarks

* Don’t use free vortex assumption in SAS modeling, instead,
model rotor-rotor and rotor-stator cavity as a generalized vortex
computed from stack-cavity analysis, with a forced vortex core In
each sub-cavity.

* The primary role of the generalized vortex in SAS modeling is to
accurately compute pressure changes in the rotor cavity.

*» Don’t use isentropic forced vortex temperature rise to compute
adiabatic temperature changes in the rotor cavity, instead, use
temperature changes due to windage.

“* Make sure that the rotor cavity code is solution-robust before it’s
Integrated into the SAS flow network analysis!
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Compressor Rotor Cavity (1)

Casing Tip clearance
e ¥l
Compressor |:>
main flow
S
: f_ / Rim\
Inter-stage
seal
] ]
/ 3 3 \F-'.t disk
Rotor disk = Rotor = otor
cavity
Hub Hub
Boreflow — — 9]
=haft o
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Compressor Rotor Cavity (2)
d Flow and Heat Transfer Physics

Stewartson stewartso
boundary layer boundary

dP, /dr = prQy?

n
layer

Ekman Ekman
boundary layer boundary layer
— !:? — — - I?:ﬂ
(t>0) (t>0)
% Spin-up from rest % Spin-down to rest
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Compressor Rotor Cavity (3)
1 Heat Transfer Modeling with Bore Flow

s Centrifugally-driven buoyant * Gravitationally-driven buoyant

convection (CDBC): convection (GDBC): |g=9.81m/s’

Fim

g, =rQ’

At r=0.5mand Q =3000 rpm: 9. ~ 5000

g

<+ CDBC:

» Colder fluid flows radially outward.

-H:.III.F,I
» Hotter fluid flows radially inward. Myore, T, :I a;rew | Y iy
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Compressor Rotor Cavity (4)
1 Heat Transfer Modeling with Bore Flow

+» Bore Control VVolume

Cawvity GV

T =T +_QC

tRout 1:Rin mboreCp

<+ Cavity Control Volume e

qc =h (Tw _Taw)

22 2 02 : | :
T — rQ =T - rboreQ Myore j}_‘ﬁ‘j E:_-.I,'rE " — e 'Tlgh‘_
aw - g . ]
2C n2C
P P Shaft o e,
2

Taw = Tt + 52—(r2 - r-bzore)
o 2C,
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Compressor Rotor Cavity (5)
1 Heat Transfer Modeling with Bore Flow

Nu=C(Ra)"
Phyvsical situation Rarange C "
Vertical surface 10% - 10° 0.59 7
Vertical surface 10° —10* 0.13 A
Horizontal surface (I, = T_ . CDEC) 100 =2x10 0.54 %
Horizontal surface (I, = T_ . CDEC) 2107 —=3=10" 0.14 %
Horizontal surface (I, <7_, . CDBC) 3x 107 —3x 10" 0.27 %

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow
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Compressor Rotor Cavity (6)
1 Heat Transfer Modeling of Closed Cavity

Rim

ad

IN = Constant mass of air in the closed cavity

T, (t+AD =T, () + =

r’hcp _._:.‘_._._._._._._.I_._.éﬂ
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@

TION

) 2
@ p,
© \‘ 3

QUES
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THANK YOU!

CAMBRIDGE

AEROSPACE

SEREES

GAS TURBINES

Internal Flow Systems
Modeling

BIJAY K. SULTANIAN

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 53



@VIE " TAKANIKI
INTERNATIONAL GAS =
TURBINE INSTITUTE

Physics-Based Modeling of Gas Turbine
Secondary Air Systems
Module 5: Physics-Based Modeling — Part |1

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA
ASME L.ife Fellow

Takaniki Communications, LLC
Oviedo, Florida, USA

Internal Flow Systems
Modeling

ASME 2019 TURBO EXPO

Phoenix, Arizona, USA
Sunday, June 16, 2019

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 20109.


http://go.asme.org/IGTI

Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 5: Physics-Based Modeling — Part 11

Module 5

Physics-Based Modeling — Part 11
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Module 5

O Physics-Based Modeling — Part 11
= Hot gas ingestion: ingress and egress

= Single-orifice model

= Multiple-orifice spoke model
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WE TEACH THOUGHT ™

Hot Gas Ingestion: Ingress and Egress (1)

 Physics of Hot Gas Ingestion
s Asymmetry in the Turbine Gas Path

B
|~l‘
S

e

Mach number distribution Static pressure distribution
Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 4
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Hot Gas Ingestion: Ingress and Egress (2)

1 Physics of Hot Gas Ingestion

*» Rotor Disk Pumping beneath a Forced
\Vortex

2.6
rhdisk pump(r) = 0219” R Regs(%) C.>

£=(1-0.51S.)(1-S,)*°

Sf = Swirl factor

shroud

} superimposed
flow

- rotor

N O
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Hot Gas Ingestion: Ingress and Egress (3)
1 Physics of Hot Gas Ingestion

Gas path with non-axisymmetric
pressure distrbution

— [/

Hotgases from ———
combustor ———3 Vane
—_—

Trench cavity—"]
Angel-wing seal with radial

Buffer cavity— gaps and axial overlaps

Stator
—

Rotor-stator cavity

ﬂ Furge airflow
e A
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Hot Gas Ingestion: Ingress and Egress (4)
1 Physics of Hot Gas Ingestion

* Primary Factors % Secondary Factors

» Periodic vane/blade pressure » Unsteadiness in 3-D flow field
field (non-axisymmetric
pressure distribution in the
main flowpath of hot gases)

> Pressure fluctuations in the
wheel space

» Turbulent transport in the
platform and outer cavity
region

» Disk pumping in the rotor-
stator cavity

» Rim seal geometry (radial and
axial clearances and overlaps)

» Purge sealing and cooling air
flow rate

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 7
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Hot Gas Ingestion: Ingress and Egress (5)
O Design Strategy

» Establish the minimum cavity purge flow needed for acceptable
windage temperature rise and heat transfer in the rotor-stator cavity.

» Establish the gas path asymmetric pressure boundary conditions
from an appropriate CFD solution.

» Design a seal that will limit the ingress (hot gas ingestion) to trench (the
first design target) and buffer cavities (the second design target if we

can’t meet the first).
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Single-Orifice Model (1)

d Rim Seal Geometry < Scanlon et al. (2004)

= _ Gas path

b, <

’\ Axial gap o \\‘ * (annulus)

& I_hl {_I

. : [ ] . Disk
cavity

'
"

1]
-

Ll
._f—_—n_‘

— ."l_'_
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Single-Orifice Model (2)

J Rim Seal Control Volume

I Rim seal
1 control volume

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow

% Scanlon et al. (2004)

% Mass Conservation (Continuity Equation)

m

egr

= ming + mcav

 Energy Balance (ConstantC)

T

t

egr

mT+mT

ing 't cav ' tg,

ing

m

egr
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Single-Orifice Model (3)

d  Assumptions < Scanlon et al. (2004)

<+ For calculating m;,, and m,, across the rim seal gap of total area A, ,

ing

we make the following assumptions:

>
>

Incompressible flow with constant density p.

Plenum conditions prevail on either side of the rim seal gap.

Axisymmetric distribution of static pressure P, in the wheel-space at the

S cav

rim seal gap; for the egress flow, this pressure acts as the total pressure.

Parabolic distribution of static pressure in the gaspath annulus at the rim
seal gap; for the ingress flow, this pressure acts as the total pressure.

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 11
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Single-Orifice Model (4)

d Gaspath Pressure Variation < Scanlon et al. (2004)
1
051; / Ingress Ingress
08 A\ /]
E 07 L\ \ / /
lﬁ 0.6 .l.\-\ \\ // _ [ — Sinusoidal -
Too N 7 [ | E
% s N /
= 0'2 A \ / /S
0.1 AN /- !
 — i
0 02 0.4 - 06 08 1 U I I ,
" -1 —Jk 0 Wk +1
X
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Single-Orifice Model (5)

d Gaspath Pressure Variation < Scanlon et al. (2004)
| > Define a dimensionless static
ngress Ingress
pressure:
PS = (PS — PSmin ) / (Psmax - I:)Smin )

» Annulus static pressure:

P =(P -P )/(P, -P. )

ann ann min min

» Cavity static pressure:

(P, =P )

min

P, = Maximum static pressure in the profile o (P. —P
S S S

cav cav min

P, = Minimum static pressure in the profile

Smin
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Single-Orifice Model (6)

[ Mass Conservation at Rim Seal < Scanlon et al. (2004)
N = Number of vanes in the flowpath | I ;
Ingress | Ingress
N / 27t = Annular sector per vane _37
|
A___ = Total flow area of rimseal |2 P
gap - !
gap /!
A |
— = Seal area per vane X '
A=A/ N= p 0 :\: :
-1 ik 0 Jk +1
.~ NO 2T .
X=—-2-10<0<— *
T N
Note: When @ varies from 0to N/ 2w, X Ingress: I':\’s > f’s Egress: I':Bs > f’s

varies from -1 to +1.
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Single-Orifice Model (7)

\/

A Mass Conservation at Rim Seal < Scanlon et al. (2004)

he points of intersection between P and P _correspond to X = —«/_and

=\/_ where k=P,

dA NAgade where (<0< 2n
gap 27'5 N
Since f(—N—e—l dx = Nd6 or d9=@
T T

Thus

dA = NAGp (ﬂ:df() or dA = AgepdX
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Single-Orifice Model (8)

A Mass Conservation at Rim Seal < Scanlon et al. (2004)

% Ingress mass flow raterhilngl

Assuming one-dimensional incompressible flows at the rim seal, we
can write

fam,, =Co\2of (P, =P.))dA., =NC,\2p[ (P, =P, ))dA,,
or
ming = NG, \/5..‘ (\/ (Psann - Pscav )) dAgap
- 2N(A;ap ch N jlﬁ(\/(Psam - Pscav)) ds
= CuAgp \EI \1ﬁ (\/( Po ~ P )) dX
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Single-Orifice Model (9)

\/

A Mass Conservation at Rim Seal < Scanlon et al. (2004)

% Ingress mass flow raterhilngl
Substituting

P -P =(X- K)(P, —PF

ann cav

)

min

yields

Mg = CaPp2P(P, — P, ) Eﬁ(\/@(z _ k)) dx

. 1 ] 1
My, = CyA, \/ZP(Psmax -P, ) [E(\/l—:k —kcosh™ ﬁ]]
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Single-Orifice Model (10)

\/

A Mass Conservation at Rim Seal < Scanlon et al. (2004)

< Egress mass flow ratem,

famg, =Co2o (P =P, ))dA,, =NC.20[ (P =P, ))dA,,

My = Cop20(P, P, ). (Vik=5) o

. k7t
megr = CdAgap \/zp(Psmax - PSmin ) (T)
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Multiple-Orifice Spoke Model (1)

 Schematic of Multiple-Orifice Spoke Model

* [Each spoke represents a serially-connected rim seal system of orifices.

Gas path with non-axisymmetric
pressure distribution

Hotgases from —————
combustar  ————

Trench cavity—1
Angel-wing seal with radial

Buffer cavity—] gaps and axial overlaps

Stator

Rotor-stator cavity

i i Purge airflow

F

Heay

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow
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Multiple-Orifice Spoke Model (2)

O Mass Flow Rate through Each Orifice along a Spoke
*» Any spoke-to-spoke interaction is neglected in this model.

* For asubsonic air flow, assumed here, the static pressure at the orifice
exit equals the static pressure of the downstream node.

|deal

= pAV,

«» Method 1

Step 1. Calculate the static temperature: T,=T,—V?/ 2c,
velocity at the orifice exit.

real

=C,m

ideal

Step 2. Calculate the speed of sound: C= «/KRTS

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow
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Multiple-Orifice Spoke Model (3)

O Mass Flow Rate through Each Orifice along a Spoke
s Method 1 (continued)

Step 3. Calculate the total-velocity Mach number: M=V/C

Step 4. Calculate the static-pressure mass flow function:

AC, |“:fs P,
RT

Step 5. Calculate the orifice ideal mass flow rate: |Miges =

where the velocity coefficient C, =V, /V

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 21
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Multiple-Orifice Spoke Model (4)

d Mass Flow Rate through Each Orifice along a Spoke
s Method 2

Step 1. Calculate the static temperature: T, =T, =V?/ 2c, , where V is the total
velocity at the orifice exit.

Step 2. Calculate the speed of sound: C= «/KRTS

Step 3. Calculate the axial-velocity Mach number: M, =V, /C

: : A k-1
Step 4. Calculate the static-pressure mass flow function: |k = MX\/K(1+T Mi)

Step 5. Calculate the orifice ideal mass flow rate: Mgy =

where T, =T, +V, /2c,

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 22
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Recommended Design Philosophy to Handle Hot Gas
Ingestion with Minimum Performance Penalty

 Establish the minimum cavity purge flow needed for an
acceptable windage temperature rise and heat transfer in the
rotor-stator cavity.

1 Establish gas path asymmetric pressure boundary conditions
from appropriate CFD solution.

1 Design a seal that will limit ingress (hot gas ingestion) to

trench (first design target!) and buffer cavities (second design
target if we can’t meet the first!!).

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 23
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STION

) >
@ p
© \‘ 3

QUE
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THANK YOU!

CAMBRIDGE

AEROSPACE

SEREES

GAS TURBINES

Internal Flow Systems
Modeling

BIJAY K. SULTANIAN
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Module 6

Physics-Based Modeling — Part 111
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Module 6

d Physics-Based Modeling — Part 111
= Whole engine modeling (WEM)
= Network of convection links
= Multisurface forced vortex convection link with windage
= Junction treatment in the network of convection links
= Validation with Engine Test Data

= Key recommendations on SAS modeling

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 20109. 3
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Whole Engine Modeling (1)
d Key Goals

% Durability considerations of critical gas turbine components, which are
life-limited because of creep, oxidation, low cycle fatigue (LCF), and high
cycle fatigue (HCF)

% Life management of critical components through scheduled maintenance,
refurbishment, and replacement

¢ Multiphysics (aero-thermal-mechanical)-based whole engine modeling
(WEM) is foundational to Internet of Things (1oT) revolution and for
developing the engine digital twin, leveraging actual service data in the
predictive models.

% The transient multiphysics WEM is needed for controlling clearances at
the blade tips in the gas path and also for seals in the secondary air

systems.
Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 4
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Whole Engine Modeling (2)

L Multiphysics Modeling of Engine Transients
s Layered flow network modeling methodology

» The thermal analysis problem in gas Internal Flow Network Model
turbines uniquely involves convective R Pressure
boundary conditions that themselves :ﬂmt
depend on the thermal solution elsewhere -
and cannot be specified a priori. JYL ﬂ

» The gas turbine internal flow systems [":I‘“dt’“m;‘:t“:t:t“ J
respond orders of magnitude faster + HTC distribution
(convection time constant) than the 4 ﬂ
thermal response (diffusion time constant) Thermal FEA
of the structural members in contact. [ - Metal temperature distribution ]

O
[ Mechanical FEA
: Ig:gzguénazihgl;:iﬁlndézsIacementdistributiu::n J
\

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 2019. 5



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 6: Physics-Based Modeling — Part 111

Network of Convection Links (1)
d Linear Convection Link

:.Ii'l_
| — |
A A A A A A A A A A A A A A A A A A A A A A o A
- I 4 h -
m ! T m
— | —
1
T ! T,
Foe l e
A o T E T T AT TS
il —

(T, =T )+(T, =T )}

-I-tin +Ttout — h'A\W
S 2

~T,)=Q, =" (T, =T, )+ (T, -]

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow Copyright ® Takaniki Communications LLC, 20109. 6

i, (T,

out



Physics-Based Modeling of Gas Turbine
Secondary Air Systems TAKANIKI

Module 6: Physics-Based Modeling — Part 111

Network of Convection Links (2)
d Linear Convection Link

(=T )= (=T = H{(T - T )+ -T )]

T, -T
—n —ﬂ =hAW e — W out
1_90ut — E(l'l' eout) eOut - 2+n n me out TW _-I—tin
% \N
,_M
eout_ —ﬁ
2+ —
\ N
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Network of Convection Links (3)
d Linear Convection Link

1.00
0,80 -
0.60 -
6., 0.40 - G ="
0,20 -
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Network of Convection Links (4)

J Nonlinear Convection Link

W )

ey (T +—

A A A A A A A A A A A A A A A A A o A AT

me, T, | | A . hT,
— | LV —

X o+ she

e S S S S S S

dx

T A
mc, (Tt + LAx) —mc T, =h TW (T, — T.)AX
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Network of Convection Links (5)
J Nonlinear Convection Link

dT, « T,-T,
—t=n(T, T =2 0=
dg (=T & L T,-T.

dg

» With the boundary condition: 0=1at Ej, =0, we obtain the solution

0=e

> AtOUtht(g:l) e _e—ﬂ forOST]SOO
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Network of Convection Links (6)

d Nonlinear Convection link in a Multisided Duct
» Without Internal Heat Generation

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow

. ar, .
me, (T, + —= Ax )
x
O A ;_I-
m me, T. ! ! m
ptr i
)| 5 —>icv] —
T, X! x4+ I,
B A A A A A A A A A A A A A A T
I—.l" X |
x=0 x=1L
: dT _ =N A
me,| T, +—LAx |-mc, T, =D h, —(T, —T,)AX
p t pt i w; t
dx e L
. dT i=N i=N
dg - i i - i
i=1 i=1
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Network of Convection Links (7)
d Nonlinear Convection link in a Multisided Duct

«» Without Internal Heat Generation

iI=N
=N — hiAW- TW_
d_9+ﬁ9 ZhiAw- 0= T =T, T =12 _
m — =1 | T _ W =N
d& n - me TW Ttin . hiAWi

> With the boundary condition: @ =1at & = O, we obtain the solution

0=eT

» Atoutlet (£ =1): |0

out

€

3l

for OST_]SOO
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Network of Convection Links (8)

d Nonlinear Convection link in a Multisided Duct
» With Uniform Internal Heat Generation

, dT, , N A, AX
mcp(Tt+d—XtAx]—mcpT .z=1:h — (T, T)Ax+GT
i=N I=N
e, T ShA T —-ShA T+6
dg¢ = = '

do _ . . G
—+n0=-¢ €=—
de me, (T, =T, )
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Network of Convection Links (9)

d Nonlinear Convection link in a Multisided Duct
» With Uniform Internal Heat Generation

> Solution:

6=C6, +6, 06, ,=e™ 0,=¢/

n

> With the boundary condition: @ =1at & =0

e=(1+§)ena_§
n n

> Atoutlet(&:]_): OOut=[1+§)e‘ﬂ_£ forOST_]SOO

N N
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Network of Convection Links (10)

 Multisurface Forced Vortex Convection Link with Windage
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Network of Convection Links (11)

d Multisurface Forced Vortex Convection Link with Windage

dT. A, AX
mc | T. + —L AX mc T, = h — T —THAX+W=
p( bodx ) Z L A 2 L

ﬂ_ﬁT— _Izl\ihlAW,Taw + W
dg toE M mc,
where
r’s:Q’.  r2pr’” 2
Taw- = Tt = + (Seref _Qw-)
! Zcp 2cIO '
2 2 1/3
Taw- = Tt S Qref r or (Szgfef —25 QrefQ +Q§v)
! 20IO 2cIO '
T 1 _fal-Pr)sior, rPr°sQ.Q, rPreqQ)

aio Tt 2c, C, 2c,
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where

Network of Convection Links (12)

d Multisurface Forced Vortex Convection Link with Windage
Substituting T, in the ODE yields

nri(1-Pr’®)s:Q?

2PrS,0,m0, rPring,

W

Dr. Bijay (BJ) K. Sultanian, PhD, PE, MBA, ASME L.ife Fellow

A ref
€= = = T (T
2Cp (TW - -I_tin ) Cp (TW - Ttin ) 2Cp (TW - Ttin ) me (TW B Ttin )
i=N i=N
L hi'A‘wigzwi - h, iQ‘i’i
Q, =5 Q, = S
hA, A,
i=1 | i=1 |
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Network of Convection Links (13)

d Multisurface Forced Vortex Convection Link with Windage
Thus, with the boundary condition: @ =] at {: =0

€) .+ € g _:
9=[1+:]e "= > Atoutlet (& =1): 0, =(1+:)e N —
n n n

]
n

T =T,-(T,-T, )e"+(1-eME

where

I..2

m

|::’=2_[(1_pr1’3)sf2§22 +2Pr°5,Q, 0, -PrQ] |+; W

ref i=N
C

P ZhiAWi

i=1
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Network of Convection Links (14)

J Junction Treatment

» Mixed mean total temperature of all convection links flowing into
junction J:

i=k

m; T,

out;

T — i=1.

t, I

Il
=~

m

[uEN

» Mixed mean fractional swirl velocity of all convection links flowing into junction J:

]
L

S, ==

J i=k
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Network of Convection Links (15)

J Junction Treatment

» For a downstream forced vortex with the specified swirl factor Sfj

erQ

2
ref

(Sfj - SfJ )Sfj

Cp
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Validation with Engine Test Data

[ Fre-test predictions ]

P[ Post-test predictions ]

engine testdata

[ Comparison of predictions with ]

Is
validation

Improve WEM
acceptable?

methodology

WEM methodology
becomes current design
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Key Recommendations for Improved SAS Modeling (1)

d For accurate computation of pressure and temperature
distributions in a rotor-stator cavity, model them as a “parabolic
generalized vortex,” satisfying conservation equations in each sub-
cavity.

L Use a static-pressure-based formulation to model a duct component
with area change, friction, and heat transfer coupled with rotational
pumping. This will establish synergy/commonality with the flow
network modeling of internal cooling of airfoils.

J Use multiple-orifice network model as a super-component to handle
the gas path sealing design to prevent hot gas ingestion.
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Key Recommendations for Improved SAS Modeling (2)

1 Use 3D CFD modeling to better understand the flow physics and to
reinforce modeling assumptions of SAS components, where needed.

 Include accurate modeling of heat transfer in SAS flow network
using a network of convection links interfacing the metal temperature
prediction method.

4 In view of uncertainties associated with various input and boundary
condition data, it behooves us to perform a probabilistic SAS model
analysis to ensure robustness of critical response quantities, e.g.,
turbine airfoil cooling flow rate!
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STION
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@ p
© \‘ 3
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THANK YOU!

CAMBRIDGE

AEROSPACE

SEREES

GAS TURBINES

Internal Flow Systems
Modeling

BIJAY K. SULTANIAN
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