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An introduction to aeroderivative gas turbines

Introduction

Since the first aeroderivative gas turbine power station
was opened in Princetown in the South West of the United
Kingdom in 1959 (Figure 1) this class of gas turbine engines
has been developed and used extensively around the globe
and in a wide variety of applications. This paper will describe
the derivation of the Rolls-Royce industrial RB211 and Trent
engines from their aerospace origins, explore the industrial
specific features of the machines and discuss key features of

their design and operation.

Figure 1 A 1959 aeroderivative power station, Princetown, UK

The Rolls-Royce RB211 and Trent aeroderivative gas turbines
are derived from aero engine technology and offer power
levels of between 20MW and 67MW at simple cycle thermal
efficiencies of up to 43%. The power levels are shown in

Figure 2.

Figure 2 Power (MW) of Rolls-Royce Aeroderivative Engines

A 201344 H 9 H
% 1 Head of Thermal Power Engineering, Rolls-Royce Energy,
Montréal, Canada
© Rolls-Royce 2013.

Richard Hamby ™'

Since the early 1970% technology has been inserted from
the aero engines and the industrial gas turbine power and
efficiency has grown as materials and component efficiencies
have improved over time, as shown in Figure 3 This has
also led to a range of engine variants as the product has been

continuously improved.

25

1976 1980 1985 1990 1985 2000 2008 2010 2016

Figure 3 Aero engine origin of the Industrial RB211 and Trent

Historically, the technology insertion from aerospace took the
form of direct utilisation at a part number level of aerospace
components, sometimes with a “make from” aspect where,
for example, an additional coating for marine environments
or additional cooling holes were added. An example of this is
the RB211 High Pressure turbine blade, which is applied from
the aeroengine. This approach has the obvious advantage of

minimising Research and Development expenditure.

More recently, the transfer has been achieved by the
application of design methods developed in aerospace for the
development of industrial components. As an example, the
GZero (Figure 4) is an upgrade offering 10% power increase
to existing RB211-24G operators. This power increase is
achieved by zero staging the existing seven stage intermediate
pressure (IP) axial flow compressor, i.e. adding an additional
compression stage to increase the achievable pressure rise in
the compressor and thus the mass flow through the engine.
This development was achieved through the application of
advanced aerodynamic and mechanical design methods and
component mapping and verification testing on the engine
test bed. This approach allowed an optimum product to be

produced for industrial application.
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Figure 4 The GZero IP compressor is an example of technology
insertion by method application

Aeroderivative gas turbines are also characterised by low
weight and small footprint. This facilitates transportation and
allows installation in remote and often hostile geographic
locations, such as gas compression pipelines in the arctic or
the desert and makes aeroderivatives attractive in applications
where space and thus power density are at a premium, such as
either power generation islands or mechanical drive units for

gas compression situated on offshore platforms.

Figure 5 an arctic compressor station

Figure 6 aremote compressor station

In locations such as those shown in Figure 5 and Figure 6
reliability is a key product attribute and here the aerospace
heritage of the components is an advantage. Similarly, to help
product availability, the mid-life refurbishment and overhauls
are achieved (nominally at 25,000 and 50,000 hours) by doing

a gas generator or gas turbine swap with a spare engine and
then carrying out the overhaul at an approved base. In this

way the down-time is minimised to only a few days.

The remainder of this paper will consider some aeroderivative
specific design considerations - gas turbine architecture
choice, performance, operational flexibility, combustion, fuel

flexibility and some example applications.

The architecture of an aeroderivative gas turbine

The turbomachinery - an aero heritage

The origin of the industrial RB211 is the aero RB211-524
engine that is in service on the Boeing 747 and 767. Broadly
speaking, the turbomachinery remains similar to the aero
engine. However, the wide chord fan system is removed and
some changes are made to the IP compressor are made to

accommodate the change in inlet profile (Figure 7).

Figure 7 Changes from aero to industrial RB211

The other major change to turbomachinery is that the Low
Pressure turbine (LPT) that drives the fan is removed and
replaced with a high speed free power turbine, i.e. it is
required only to provide shaft power to driven equipment and

not compression within the gas turbine (Figure 8).

The architecture of the industrial RB211 is therefore a two
shaft gas generator comprising a seven stage IP compressor
and a six stage HP compressor, each driven by a single stage
turbine of which the single crystal HP turbine blade is cooled.

The high pressure and temperature air produced by the gas
generator is used to power the free power turbine (FPT),
which is mechanically coupled to the gas generator only at the
casing. The design speed of the RT61 and RT62 high speed
power turbines is 4,800rpm. This can either remain constant
from idle to baseload when connected to a generator through a
gearbox, or reduce with reducing output power in the case of

a gas compressor or other mechanical loads such as pumps or
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air COMpressors.

There are even applications of the industrial Avon where the
power turbine is removed and the gas generator exhaust gas is

used directly in a chemical process.

Aero RB211/Trent

ol

Aero core plus free power turbine

LP Booster integrated
3 shaft gas turbine

Figure 8 Architectures of Rolls-Royce Aeroderivatives

When the industrial Trent was introduced, the additional
power was achieved by raising the overall pressure ratio from
23:1 to 35:1. This was achieved by adding three additional
stages of compression - a new industrial specific two stage
low pressure compressor (LPC) and using an eight stage IP
compressor. This also resulted in a three shaft industrial gas
turbine.

The LPC is driven by the low pressure turbine which also
provides the shaft power to the driven equipment (generator or
compressor). As the LP turbine is no longer “free” additional
handling bleeds and variable geometry are now required to
ensure compressor operability in power generation as the LPC
is spinning at synchronous speed (3,000 or 3,600rpm). Two
variants of the LPC are utilised to optimise the performance

for the appropriate design speeds.

The Trent is also successfully utilised for mechanical drive. In
this case the design speeds may be between 2,800 and 3,600
rpm and the LPT and output shaft speed reduces with power
in accordance with the driven equipment characteristics.
Applications up to this point have used the 60Hz compressor,
but for the lower design speeds it is likely that the S0Hz
variant would be chosen for improved efficiency and

operability.

The HP turbine Rotor inlet temperature (RIT) is increased on
the Industrial Trent as a later generation of aerospace turbine

blades are introduced.

Regarding RIT, there is a difference in mode of operation
between industrial and aerospace application which should be
considered. For an aero engine the maximum RIT is reached

at take off, falls as the aircraft climbs and then for a long haul

flight the majority of time is spent at a lower temperature
during cruise. The industrial gas turbine may spend the
majority of its operating life at baseload operation on the
temperature limit. The design RIT is thus set somewhere
between aerospace cruise and maximum continuous levels
to ensure a 25,000 hour overhaul interval and, in general, a
50,000 hour hot end component life.

Further changes are required such as an industrial specific
combustion system for low emissions, fuel flexibility and dual
fuel operation. Industrial control systems are developed to
support flexible operation and some of the auxiliary systems

are moved off engine.

Design point performance

Design point industrial gas turbine performance is generally
provided uninstalled (i.e. no intake or exhaust losses) on a
15C day at 101.3kPa atmospheric pressure and 60% relative
humidity. Exhaust conditions are supplied for the calculation
of downstream steam cycle performance. Table 1 gives

example data for the Industrial Trent.

Table 1 Industrial Trent Design Point Data

Power Generation
Gutput Gverall Exhaust
Shaft °°';"’”:'°' Isl Power Efficiency | Pressure Mass Tf;":’";ffm
Speed P Ratio Flow P
RPM e % Tb/s F

3000 DLE No 53119 24 345 3421 812

3000 DLE Yes 63512 433 393 3890 782

3600 DLE No 54020 425 35.1 3474 808

3600 DLE Yes 61846 434 375 3707 789

3000 WLE No 66001 a4 393 3925 797

3000 WLE Yes 66001 414 393 3935 792

3600 WLE No 63398 414 376 3757 802

3600 WLE Yes 65632 411 38.0 3794 798

Mechanical Drive

Output Gverall Exhaust
Shaft Tone Isl | Power | Efficiency | Pressure Mass.

Speed yp Ratio Flow
RPM ip % Tb/s F
3400 WLE No 82877 419 36.1 3613 807

Combustor Exhaust

Temperature

3400 DLE No 72679 436 EZE 3402 802

It is required to be able to predict engine performance
around the operating envelope. This is achieved using a
thermodynamic model. Figure 9 shows the resulting baseload
power against ambient temperature. It also indicates the
limiting parameter to which the engine runs when at baseload
conditions. On the so called ‘lapse rate’ portion of the
curve either a hot end temperature or compressor delivery
temperature is implemented to protect hot end components.
Below the kink point, there are compressor flow and absolute
pressure limits, but in the case of the industrial Trent it has
been convenient to implement a power limit in the control
system. The ratings methodology outlined briefly here would
be common to both power generation and mechanical drive

operation. Part power operation is, of course, fully possible.

Figure 9 also illustrates two means of using water for power
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enhancement that are applied on the industrial Trent. In the
first, a wet low emissions (WLE) combustion system acts to
increase power primarily by reducing RIT at a fuel flow due
to the evaporation of the water. There is a secondary effect
that the additional steam now present in the combustion
products gives more work within the turbines. There is
however a detrimental effect on thermal efficiency. The water
injection has an important dual functionality as it also reduces
NOx emissions from a conventional combustion system down
to values as low as 20vppm by reducing the flame temperature

within the combustion chamber.

Industrial Trent 50Hz: Electrical Power vs. Ambient Temperature

——Trent WLE
- = Trent WiE + I5)

— et 0]

o Trent DLE + 1SI

R

50 45 <40 -35 -30 -25 -20 -15 <10 -5 ©O S5 10 15 20 25 30 35 & 45 S0

Bembaant Famparatoes o

Figure 9 Effect of ISI and WLE combustion on Trent Power

The second method is inlet spray intercooling (ISI). This
utilises spray bars to inject very small droplets of water
upstream of the LP compressor. The evaporation of the water
acts as a progressive intercooling throughout the early stages
of the compression system. This is effective with the dry low
emissions combustion system, where the reduced compressor
delivery temperature allows a greater temperature rise across
the combustion system and thus a higher fuel flow and power.
The effect on the WLE machine where the reduction in firing
temperature means that the engine is limited by a compressor
delivery temperature is even greater. The effect is broadly
neutral on thermal efficiency and is shown in Figure 9. Note
that the ISI case includes the use of an evaporative cooler
which has the effect of allowing the engine to perceive a
lower ambient temperature. The effectiveness of this means of
cooling is highly dependent on the relative humidity and other
options should be assessed for high humidity operating points.
Although power enhancements using water are available for
any application, in practice the mechanical drive operations
tend to prefer dry operation, either because they are based
in remote places or offshore where demineralised water is
not readily available and they often place a higher premium
on reliability and would therefore prefer not to have the

additional component count of the water systems.

Figure 10 Inlet Spray Bars in the Montreal test bed

In contrast to single shaft gas turbines where multiple stages
of compressor and turbine are all spinning at an identical
rotational speed and therefore changes in operational speed
imposed by the driven equipment have a much bigger effect,
one advantage of the architectures discussed is that the design
point performance is relatively insensitive to the output
shaft speed. This is because the gas generator (i.e. IP and
HP systems) is broadly independent of the LP turbine output
speed. Even on the Trent where the LPC is coupled with
the output shaft significant changes to output speed can be
accommodated, as can be seen in Figure 11 which compares
how the Trent output reduces when operating at baseload
limits when the output shaft speed is forced to change due to

grid conditions.

Comparison of Trent against European Grid Requirements
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Figure 11 Variation in Trent output power with shaft speed

A more detailed view of the Trent in mechanical drive mode
is shown in Figure 12 which illustrates the operating map of
the industrial Trent and a gas compressor where the output
power varies with approximately the cube of speed. The x
and y axes show ambient temperature and percent of design
speed. The z axis shows power. The curved lines map onto
this a typical gas compressor operating curve, with variability
for gas composition or pipeline conditions changing. The

hatched areas show normal operating areas for the gas turbine.
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Figure 12 Trent Mechanical Drive Operating Map

It is common to repeat this design exercise with prospective
customers and gas compressor designers to ensure that the
overall plant performance is optimised, taking into account
both pipeline gas compressor and gas turbine efficiency and
operating point. A good example of this is the Ras Laffan gas
processing and compression plant where six industrial Trent

drive the compression of 2 billion cubic ft of gas per day.

.

. rt:“ !‘i;'}..

Figure 13 Trent mechanical drive installation

Nearly 25 million running hours in mechanical drive
operation is good proof that the RB211 family of engines has
the right attributes for this application. The RT62 and RT61
free power turbines are well suited to operation with variable

power turbine speed.

Industrial Combustion Systems
As suggested in the section on performance, the combustor
is a significant difference between the aero engine and the

industrial gas turbine.

Annular combustion systems taken from aerospace are utilised
on both the Trent and RB211 engines. However, a change is
required to the fuel injector and systems to allow operation
on either gas or liquid fuel, with online changeover also
available for operational flexibility. In the case of the Trent,

as discussed, water may also be injected into the combustion

system for power enhancement and emissions suppression.

On liquid, aeroderivatives will generally operate on diesel
fuel, although on the Trent testing on biofuels has been

carried out.

On natural gas, being able to burn a wide variety of gas fuel
compositions is important as this can expand the applicability
of the gas turbine or simplify the customer’s process plant by
removing or reducing the need to purify the gas. One example

of this is to be able to accommodate “high inert” gases.

In Asia, particularly offshore, as well as in other parts of the
world, there is a need to burn fuels containing high levels of
inert gas, for example up to 40% by volume of CO: or N; is
required. The lower power (29MW) RB211-24G had a fuel
injector with increased flow capacity developed specifically
for this market. Recently, RollsRoyce has also declared a
greater capacity for high inert gases on both the higher power
24GT (34MW) and the industrial Trent. This capability has
been demonstrated by full functional testing in the Montréal
facility where the inert gas was seeded into the high CHy
natural gas. This testing was supported by both CFD analysis
and combustor rig testing and is shown as a full operational

envelope in Figure 14.

bBrrseserecce
Modsraguing |

3wl )

4 50 &0 L] B0 80
Methane (% vol.)

Figure 14 RB211 24GT inert envelope based on CO,

The RB211 and the Trent both have dry low emissions (DLE)
combustion systems that will deliver less than 25vppm NOx
on natural gas fuel. The emissions are achieved by premixing
the fuel and air to keep combustion flame temperatures in a

narrow band (Figure 15).
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CO and NOx vs Temperature

Indicative trend, level depends also on residence

DLE system must

Figure 15 CO and NOy vs. Temperature

The Trent and RB211 both currently use a combustion system
with eight and nine chambers respectively, rather than the
annular aero design. The combustor is divided into a primary
and secondary zone (Figure 16), to which fuel is scheduled
separately. The primary zone is kept at a constant temperature
and the excess fuel required to meet the overall power output

of the engines is therefore sent to the secondary zone.

Figure 16 Trent DLE combustor

A full description of the advanced technology required
for DLE combustion is beyond the scope of this paper.
However, advanced design techniques are used to overcome
simultaneously the challenge of achieving adequate mixing
such that the required emissions are achieved, ensuring
that the residence time within the premixing duct does not
provide an environment for auto-ignition of the flammable
mixture and ensuring that there are no harmful aeroacoustic
instabilities that can cause combustor damage. Both the
Trent and RB211 combustion systems are performing well in
service and are compliant to existing worldwide legislation.
Further developments are ongoing to achieve further
reductions in NOx and CO whilst increasing fuel flexibility

and operational simplicity.

Flexible operation and control

Aeroderivative engines are well suited to flexible operation.
They have rapid start times (for example the Trent can be at
baseload eight minutes after starting the engine and can also
restart immediately on shutdown if required).

The control system is also capable of responding correctly
to a number of external changes. For example, the fuel
composition can change transiently - a phenomenon which
may become more widespread as gas becomes an increasingly
global commodity. The power demanded can change, either
for power generation or a mechanical load. The starting or
shedding of a large load does cause a significant instantaneous
change in power demand - it is not true to say that

aeroderivatives only ever respond slowly or sit at baseload.

An integrated system model can be used to model the
response of the gas turbine and driven equipment to transient
load directly. The model is built up of physics based modules,
including the real engine control software, associated
measurements and lags. An example output is shown below
for two cases when in an island mode (Figure 17). In both
cases the engine is running at mid power. In the first case
a rapid load reduction to SMW must take place whilst
remaining connected and within frequency limits. In the
second the breaker opens and the unit must just remain online.
In both cases the model to engine agreement is excellent.
This capability is particularly useful for assessing gas turbine
behaviour in industrial applications where the gas turbine
supplies a factory load and then exports the remainder of its
capacity to the local grid.

55
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Figure 17 Response modelling of loadsheds from an industrial RB211

Conclusion

It is likely that the need for aeroderivative gas turbines
will remain strong. In power generation their flexibility is
becoming increasingly appreciated in both simple cycle and

combined cycle, both in supporting a distributed grid and in
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supporting renewable power. It is also noted that gas is less
CO: intensive as a fuel than, for example, coal and any uptake
in gas as a bridge to a low carbon future will likely see strong

demand.

Rolls-Royce aeroderivatives are very well suited for
mechanical drive applications due to their flexibility in
shaft speed, power curve and the ability to optimise for the
application. It is highly likely that demand will continue
as gas production continues to be strong and also trade and

transportation increases.

Technology will continue to support this by the continual

evolution of products with better power density, higher

thermal efficiency, better emissions and continual

improvement in reliability.

This will be supported by a continued ability to understand
wider system issues to ensure an optimised solution for
customers.
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Fig. 8 Structure of two-stage horizontal epicyclic gear

Fig. 6 The epicyclic gear in the gas turbine package
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Fig.12 Structure of hydraulic clutch
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Fig.14 The air-cooled angle reduction gear
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Fig. 5 System chart of test stand for a hydrogen turbopump

Fig. 6 General view of the turbopump test stand
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Fig. 8 Measurement of pressure oscillation for cavitation
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Study on the diffusion of high temperature exhaust gas from
the transportable gas turbine generator

ABSTRACT

bk =

AKABAYASHI Shin-ichi

R
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ISHIKAWA Shinya SAKAGUCHI Jun

The chimney of a transportable gas turbine electric generator ejects exhaust gas = 500 °C from about 10 m above

the ground. This high-temperature exhaust gas has a major influence on the surrounding environment of the electric

generator. This paper reports on the results of the effects of the diffusion of high-temperature exhaust gas of the electric

generator on the actual outside temperature using CFD. Any change in the level of the outside temperature, does not

change the diffusion of high-temperature exhaust gas. If the wind direction, in-line with the two generators, the high-

temperature exhaust gas spreads widely. The ejection of high-temperature exhaust gas from the electric generator does

not have any significant influence on the near-surface air temperature. However, we need to consider mid-to-high-rise

buildings in the neighborhood because the high-temperature exhaust gas is spreads widely to = 20 m above ground.

Keywords : High-temperature exhaust gas,Diffusion, Transportable gas turbine electric generator,

Outside wind,Chimney Computational Fluid Dynamics

1. B/

BHIANHOEFIZL s TRPELEVWIANT—Tdh
B, KB AREFEORBIZL ) ERTOIEER
TEDPHAR L 7256, IR RONENBRE I NS,
ZI T, EMIMII2ZEIRkWRE O KB ORI Z A 5 —
YRR (LUF, WRBIGT) 2L, —KFWICE
HNOPIEHRATH) TV EZOND, RO KITFBEI
T 2 8200m O HEFIE 2> 5100C 2 O HE R & 4T
I A%, WHREIGT CTldE S 10m OPERIE - 5500TC DL L
DHERDT O NS 72O R LB~ O BRSNS,
CO7D RO IR R L, TRAEIGT % 7%
B3 % B O R ABRTE A~ O Bl 2 47 ) BN D b o

THEOHRIE D © D5 RME O R FILHIFHT 1T <
PHITbhTwa, B, EMNZ FHTFE: L L TPuff
Model & Plume Model& \» 9 FHIE TV DB T & A 2
YIETHEDNT WD, WiH & QWO I A5
Lo TIREL, HHMEON#HETFWNTEETVCTH S,
Puff Modelid /8 1% 1 m/sEL T OLEGEIREE IZ BV T

M 20124 8 H27H
BBSET 20134 4 JJ13H
* 1 BT Rk
* 2 HLED)
* 3 FriBILIReE

Download service for the GTSJ mMember of ID , via 216.73.216.196, 2025/07/12.

fEHT2FHMETVCTH Y, FELIFEOPELHE &
BOKF - SR F T OIEFIRZ 5- 2, HEREVE AW H iR
J£%& FMT 5. Plume Modelld 1 m/sPl oG BB
WCTHHENAFMETVTH Y, BETFHICHENSED
PHREMOEE DY ICH T AGHM 2 WET S LICL >
TEFREOMERELZ FHTL2ETVTHL, D
2 DO FE TV FEER R B AL LN XD IREUR L
BT 57— WEREIN, RALEERT Y+
V2O BEERER L MIERSHE SN T e,

Puff Model%*Plume Modellx B b FIFEAE AR, T v H
WoORNIZHEZGRMERHBERHRIEN S D 5
T Y OAE R E 2 P 5 720, FAETIE
ADMERS°METI-LIS, KEEPA®DISCE 7V 7% & DFHT
V7 FHBAEMHEN TV R0, JEREH» S OHER Y
A DBILENZ DWW TIEH B A S O R TBC LT, 2
RBEAEL DRSO RFN R B 2 R+ 572
HPlume Model & i\ 72 fFHT 925 7TV % %%, Plume
Model%Puff Model% JH \» 72 HF2E D % (&35 4 & o 3%
WAL ELTWSD, ZDPlume Model, Puff Model T
VI E 7 HUE C O IR T WK BE AKX < AT SR BT B
%o HEN BRI R 2 I E, KRER
i L 0 R 2 S R WL S A & 3 B A S AT
(CFD) ZH\v20%hdH b, CFDEHWIHEE RS



Vol.41 No.3 2013.5 R HZ2—ELRE#ED S DEBHHOILEIERICET S5 247
?fﬁjﬁkﬁlﬁﬁﬁ‘ £ ﬁi@/\zblﬁib T\ A6 F1  HERIBHAKE T L OCEDNT 4tk

AW TIEREIGT %2 7512, CFD% Hvw CTHVR IR FEEERETL
RPN - EOMEIZ X 2 1R EER O IR 40 nag e ERICET T Ty T N I
BTV, LB IS 2 WHEEGTA & 0 Bk 8k TN i T
DEBAMAATD o FIZ, EEREINICEE S h7z BRoiRT e ] Tv TR TS
BOUGTRILOMMBIINE 70, RIHAMIHRD S oname | S /snEsss ion goasty —
ZYHOMFS2ITH) T ZHNE TS, BEIPHI0OmME ;Lfl;i% 8200 <46 XM(Z):]%TQ}%QSZGW) X 76 @ =150, 176

VRS Tl R O TR R ELIEIL RIS & 0 7Ek 2 5
ffi il & 11T\ A Plume Model & UFPuff Model O f# AT 1% Kl
WCTHbH, TITHEH AMEDHKIS00TC & iz, ZOx
2BV TARM RO RIL AN ERDYD 5o

2. HEHE
2.1 FRITBIE

F1ICHERSE HARE T V0 CFD &t z, £ 2 1
FEARENNET VO CFD &ttt %, & 3 ICiAS:
Wa5t%, 1 ICITEF VO RHEREM %, 21
PRSI HARE T V%, X 3 ICEAFEBITNET IV E RT,
PRI RIIPERE (HES 94m) OAEETFTMLLAHE
REHEET N EEEBEINNICTHRIGT 2 2 Ak
L EERBINET NV ET 5o SilkPEE o IR IR
DIFNT X IR A IESF IR k- e BLIRET V& V725
EFANENT (CFD2000, Adaptive Research, USA) (2 X
AT 9o I EH A D % AL D223 Boussinesq
FEPICE o TFEL A M =27 AN 0FHEE LCE
L, ZROPHEE 1RE300K OV T b7 T DOF T &
Vo ME (B 1.177kg/m?, B8 3 0.0262W/m - K, &l
W77~ MVE09) %5 2T 5% AROSE T
077 AME /4R ES 2, £ 30X ICERRE
wE 52 5%,

AW TIZE T, PERBEHARE TV 2RI SR %
BALS TN EIT 9 o FOREZ IS, FEAELEIN
ETFTINVERG L UTHEREI - JEE 2 221 S & TR &
TV, AR DR EEZAL R S iRPEE O LB~ D
P FPASFE OB 21T 9o HEXIEHARE T IV OMFENT T
AN AT ERE (0.01m/s) KUY, BEGEAD
AT H D PSS O OHEFUEE36.4m/s & T[S
30m/s? JH G & G- 2 TN 217\, 0m/sh 530m/sD
W% 3H%210m/s, 20m/sDIENT #4790 B2, FEIESE
BATNE TV CTIEREN IR GRBR) ox47—%
ML, AL & AH LA o BN TR EGEN R b
Ern, ENENOYEAH60m/s, 9.0m/sOIEN % 1T
Vo BB, PR EAREOMHT CTIX, 2R E R
HRATFEITANTE DB RS % 3R THBHEAT LG

L8, AT O B AR IS & o TRHE DAL
2% B 720, SHREZENOBLT D 5 HEHER Z94m OIHE

J#Z0.01m/s& LTH R THIT 217> T,

2.2 FABE
SITRFHERA, HERBIZHAENZHE L

Download service for the GTSJ member of ID , via 216.73.216.196, 2025/07/12.

#2  FHEREAHINE TV OCFDT S

EERBRRETIL
#iffcase 2-1 [ 2-2 [ 2-3[2-4]2-5]26]27]2-8] 29
SRR [C] 40.0
BEREE [m/s] 36.4
HERE n'/s] 160. 2
HRRE[C] 530.0
BROERT FILE—[n’/s"] 13.2

BEQEFERAE [n’/s°]

53.9

SHEREIE [m/s]

FEAN /AT B (ELHE S X9 400mm) i H:E B

6.0 9.0
G dEl 4 [dem] = [ma| & [@meE] @ [
Avial 164 (x) x 54 (y) x 143 (2) =1, 266, 408
ARETIL Bk TTIL
#3  WmABERSEM
NEBRRERTABZREH
Z a
SEREDINEN T U, = Uy (Z_)
R

ARTRILE—DRESH

7\ (-a=005) 2
ky = (0.1U, (Z—)
G

ELREREDRE S H

U VA (a-1)
_r 05 R
& = Cll kza (Z) (Z)

PRORARRELH (ERIATDOERALY)

BRI RILEY—

_u

by = 100

ELRARE

3

0.00% 9
= 0.097 ——
g 0.07D

inflow

outflow

free-slip walls

El

frictioln wall

exhaust gas

!

s
NI

chimney

1 ENTET VO KBRS

50, 000

BT : [mm]

M2 HEEHAEET NV (FdTcasel)



248 AR AZ2—EREEY S DERREROIEIERICE T 5%

HAHZX 42— E>FRE

WEHR—VEREL, T—%ah—z2HwTi#HE
GTHREIFIZ BT 2 L O HAIRIFEFHENW 2179 o WE L
AT E1lm & UF94m~ 144m 2B 551780 (F
31311, 94, 99, 104, 109, 114, 119, 1215, 124,
1265, 129, 1315, 134, 1365, 139, 14.15, 144m),
HE M B TIX70m~ 16.0mi2B1F 5511055 (B 21370,
80, 90, 100, 110, 120, 130, 140, 150, 160m) ®
NERMOMEEZ AT Do BT, MR s E IR - 5
#H, IRGT 5 OPFRIREDWEZIT I TRHD
FEWRER R R 2 e L, EAEFRETNET IV
ZBWTIT 247\, FERRE R & AT R R 2 IR %

3. FRTHER

3.1 HERIBBREETIV

3.1 EEKEE (SIEBEEO0.01m/s) ICH(FHRES
B 4 (233 )ACREE (A EGH0.0Im/s) 2B B HE

SHEHARE T VOB GT (PR E R LIi) 2R3,

MEEIRREDY S, PERE D O ORI T ITEREIC

= m s ssmummhw

z

>

B’ —»
(a) Pl

50, 000

HL, M BT ROHERSE LU O L O 2212135k
EWBE RIS W,

3.1.2 HAREDHEEICLZEEFHOLLE
5N D AEIC & 2 FRIE HAKE 7V O E s>
A (FESSE R JL i) 27890 HHEREES0.0m/sD %,
AR DM X o TEIPFBOILRIEIRIC 3R A &%
LRSI \vo ARGURITH § 5 T EE B A 812 &) R
DIHIEIRZWMETT 2 ZEDRTH L EEZHBND,

3.1.3 HEREEDIEICKL ZBEI OIS

6 \ZHMRIRGEDOAE I X 5 PEFIE HAKE 7V Ol
A (FERSE R W) &R 9. ARBIEUC X 0 midEE
FETHCBEING X HI2R L, B 5O case b it

BELEE At [C]
A:50 B:10.0 C:15.0D:20.0 E:25.0 F:30.0
G:35.0H:40.0 T :450 J:50.0 K:55.0 L :60.0
M:65.0 N:70.0 O:75.0 P:80.0 Q:85.0 R:90.0
S :95.0 T :100.0

iR 100, 000

BELRE

8 SEUR+ 200°CELE
=3
[¥e)

BAfL : [mm]
X4 fEEAREE (PREREGE0.01m/s) 12815
PSS HARE TV OEE AT (FERE by i )

100, 000 S8 -1.0°C
BELRE .
8 EELFRE: HSE + 50°C D EE
S| [srEE+ 2000k
Lo
IHGFE D Cc B
1,650 A
(a) JHHT casel-2 (SHEBEE 30.0m/s)
100, 000 s &R 40.0°C
BELeE .
8 BELFEE LS8+ 50°C O #i B
S| |pARE+ 200°cRE
Lo
IHGFE D ~C B|
$10, 950 &
(b) f#HT casel-3 (MBI 30.0m/s)
BT [mm]

5 AAIROHIEIC X 2P HAERET VO
BT (RS rh S TR



Vol.41 No.3 20135 AR AZ2—EREEY S DERREROIEIERICE T 5% 249

I ENOEREEOBEINRE+ 0 ~ 5 CHREL 3.1.4 BTIL—LEE ENTE - SHHERERCHSE
XA S v AR+ 50C Dt X casel-4 TlE - E - BIURE OBF

7289 14 m THEXE 2 5 JBUF I~ 41m, casel-5 Tld = ABFZE CTIEAVRN, YHTRGE, PSR, PR
72285 12 m THERE 2 S B AR 17m £ THEET 5, WCAEB L, (BERJE#E+TENIC L 2 8E) & (AEER)E
AR EGE DS —E DL T, AMEBE DL R R O 5 BEATK H) OHRMYOM (HELIFER) %KD (1) %Al
&Ly, EETOERAOFZEHMINSISRL L AL, HEEHERED S DT IV — A il Bt o B
ZibNb, RERTICRT, S THREP S DT IV — Al

WA RE, PRED 5 2 Z | O KV HEE C 8 B I L o)
A H b MENFHNLE O S ZRD, 245 L TH

100, 000 SERS L THRERLTRD L, 2B, HEEZHR
EELEE . 40, 690 BiE (U) BFREVIEERS ML 2D, PEAE L
_|lsi+ 200c Lt EELEE WEIROIIER (A 0) HREVIFERERIHE RS,
S S EIB+ 50°CDEERE T/ AHREE (U ) PSREVIZENSRME LD,
=
U 2+2gAh ()
H= ]—29 -1 - - -
Ur
(a) fFHT casel-4 (HFEBIEGHE 10.0m/s) 2
1718
100, 000 =
; we P
BELEHEES 16, 551 51'4 casel-3
S&UR+ 200°CL B — == i 1.2 casei—2 casel-5
=] BELRE E’_ 1 y=0.1502x + 1|—
- 5 Jos R2=0.9581 | |
3 | 06
= BEREHRIEN S22, DK EHTRT IL—L
N 04 T obLEESERESTH DR . BEE24EI
702 4+ LTHRESSZ, TREELTVS,
0 —_— : . .
(b) AT casel 5 (SHERIHLE 200m/s) 00 05 10 15 2R 20y 30 35 40 48
6 SEEONEIc L,  BAL: [m] BT HIEE PSS 50
PESSE HARE TV OMBE A (PEA3E iYL biTi ) BTV — LA B o BA AR
182, 380
) s gl0—————— —
[EELRE  S15UE + 50°COHE | I %———
= 2l R ————]
S BELSE . —
3 S SE+ 200°CLE ——
(a) fFHT case2-1 A - A "W URUMALH - ZRE0)EE 6.0 [m/s])
j 182,380 R
CEELRE S &um+ b0COEE] 52,570 A
S
S BELSE
2 N&E+ 200°CLLE

(b) AT case2-3 A - A "Wiifi (aALH - #AB)EH 9.0 [m/s])

_ 8  FALFEBINNE TV DIRLLS
Download service for the GTSJ member of ID , via 216.73.216.196, 2025/07/12.

BT : [mm]



250 AR AZ2—EREEY S DERREROIEIERICE T 5% HAAR 2 —ELFERE

HAl & #7 ) — 2 A BE S B A 50 — ik DB
BB CIRAREE R EEFEE L, LHFERIC
Lo TR S N7 A RN 2 S % R 2 KO
(B ZIECONCAWER & &) AHVHNTW A, KIfgE
EHERIRIEAS00C & Bl TdH 5720, RO HE 1E
EZEFT—HIZE 2 TWwd, (DXIZCONCAWERX % &
TROONLEA%E S 2RO LY T2TH Y,
SO TEO AR S DX & (D)XDBFRIZD
WCHIBKRET52TETH 5,

3.2 EERBAAETI

PEABE AR 7V OMATHRER L D, SHEREGE A E < 7%
L2, 220 i dE o> H)E FEPR LSRR O Lo A S
EDAS BB EEZLND, X, FITEEVIRE (@
#H00Im/s) DYy, EimPFRITITIFEEIC LA L, BE

KRIEHE LU OFLO LRICIIFREREY KIS v
EnD, PERBEHDO FANERP RO B E L KD
KELKIZTOWE, FEEORETHLEEZEZOND,
FAEFSEATNE 7V TIE, 8 AU DO HER)EHE 2 9.0m/s
&L, HIZ, ETH IR AL & 2 2 AL O &
HHERRH6.0m/s % N2 TIENT 247 9 o [ 8 IZFEAEFE AT
B 7V DIIE A % 7R T,

3.2.1 HEMEDHATEDEIL

PR & 2 b A OSSR AR A - G LS
X OEALT 525, LD case T D AVRIMIZHT T AR
FHRBIE+0 ~ 5TREERD, EZ2l iR L CTHI
HIZ/h S

154, 750
(=3
38
&
(c) f@HT case25 B - B ' Wit (U EEH - SHBIEH 9.0 [m/s])
182, 380
il RELSE
SARE+ 200°CLLE
o
S
[EELHRE  Slmat o0CchmmE] |3
B H

(d) JHHT case27 A - A'WTIET (RUATRIPE - AHERJEGE 9.0 [m/s])

154,750

105, 125

41,500

50, 000

(e) AT case29 B - B Wit (aumdbpy - #)E0H# 9.0 [m/s])

L
| B8 SAERMEANE N OB Rtz : o]
Download service for the GTSJ member of ID , via 216.73.216.196, 2025/07/12.



Vol.41 No.3 20135

AR AZ2—EREEY S DERREROIEIERICE T 5% 251

3.2.2 REEFRE+50COIFEHBEDLLE
I b5 i+ 50C OFEFEM 2 s 5 &, e

B+ ALERJEH6.0m/sD 3 Ay

(case2-1) 13 FZ=2#33m Tl

4 FEC LD < RIS

EEREMNETIL (EREH)
8.0

s &R [°C]
BESURE [m/s] 32.6
P ERE ' /s] 143.4
HEREC] 200.0
BEOFEAEL I E—[n’/s?] 10.6
BE D F AR E [n/s°] 38.7

) A 1/ARA (BES 0i00m) Rl BEAm
SMERRE /5] (AA AR BER S0 A SRAM
A TRA @
Ayiah 164 (x) x 54 (y) x 143 (z)=1, 266, 408
EABETIL 1Z#k-c ETIL
Zc
Y
A Y
EE_1
Nt
& Hig Wy
]
.
[ | & |
=
"
[ | - |
[ ] - |
| - [ |
- N
| a | A\
HE IS EIEEEENNS
Nw TBE 55 16,000 mmm m NS
E iEmEEmiEmEEEN N C

(a)

S 10 [m] Pl

=

& (8 :7300)]

116, 000)]

// BE FE

(b) & 10 [m] Pl (FESSENHEIER) c’

THNCH56m, JEF AL - AAEEEI.Om/sD 6 (case
2-3) 13 EZ8#924m TN H53m, B ASEH - AR
JEH9.0m/sD H5 & (case2-5) (& FZ2#921m TJE T IS
#539m, B2 PG - AMEBEGEI.Om/ s E (case2-7)
1 E 22828 m TR F IS5 m, JEIAIASIL T - ARG
9.0m/sDiEr (case2-9) 13 E2e#925m T T HIIZ#42m
L% b,

JAASILH (case2-1,3), ®PH (case2-7) Ti, Wk
HIGT 2 B2 5 OERPEEANEHR T 2 F KN 720
I HEE DS LI A P I BE T 5 ﬁ(mﬁ?ifli)‘i?ﬁﬁ‘
L A 2SI EIGT % §%1E 3 2 Ml o0 sl JR ) & 52 &

EE_1
N "
mm:ﬁ:-:
I:I 0)]
-t - b
m_1
-.. in) sp
-.l
-:l )
- N
E IEEfEEIEEEENIE
Nw 2% &5 16000 muw m 7
/. iEEEEmiEEEEmE N C

(¢) ®&16 [m] P

N .
A Y
A3

: B

i

B W
// :
2E (875 116, 000)

(d W& 16 [m] Pl GEESENHEIR) c’

177,310

50, 000

HIESA

B (8 7300)]

(e) C-C 'Mrifi BASL : [mm]

B9 ELEIEE

NS

Download service for the GTSJ member of ID , via 216.73.216.196, 2025/07/12

ﬁVq%T)W)/mf‘?“ﬁ%ﬁ (FEM %)



252 AR AZ2—EREEY S DERREROIEIERICE T 5%

HAHZX 2 —E>FRE

I

ERTHBRE TR 21T ) PR ETH D L%

aup
He
p=t

Twnk 9,
ZbNb,

3.2.3 BAURBEAOEEHEORESER

JA I ASIEPE - AR EI.Om/sD B A (case2-9) T
I AR +15C O#IPAAY LZ28921m (6 Ry Tl
ST EA24m) CHERINNCH1056mE THIET 5,
BRERETRBENEEEOE -7 LA LROE — 27 HHE
% 13~ 15FICFE A AT H 2 LAV E S h, A5
30C + ik LA 815TC =45C % W 2 2 BYR AT LAY 11
PHO WG TR A 0> F.22 %0 i g g T SE i ~F5E 5 2 f
HEMED D 5 o Hi EAF IO B IRHEEA O 52 BHI AR B/
SV, EZETIEEAEREEANRE B 5256720,
WHERGT % 71 3 2 5563 R 8 oo v v Jeg S %5 1 oot
T2 REEM O CEETH 5,

4. KHFER
4.1 REFER

5 0 P T S AU G T AR SE B IS BR B L 722011412 H 22
H&T 5, WEROFEERD I IIIEH5000kW (E
I D#20%) TH Do WEMH D 9 B LERSHT)ER
) - JEGE DB A3 % IR 10771 2 AT R & L
Z o oA, SHEREE - EE O -394l %2 CFDO i
Wrdethe 4%, 8IS, WREIGTOKRE 7— ¥ » 5,
S - PR 2 e B o #K 4 IZFEMEICIED <
Wrdefh 2739

4.2 KBIFRHGICXIHETHER

9 ICEMFEBINET VOIS (FEWERM) O
FRRTRER 2 R0 A RIOFER T, xR O] R
GTASEMI I T THRE) L T % 72 PRI DMK <,
PESURGHE S o XL, AHEEE 218 9m/s & #7200,
I HERUE IR & o THRH L, b A R OT RZET
BEDBEEANOREIINIVEEZ LN D,

BEAAIZETD
BEELSEAL

(a) LTI FEHHEH & TR R OIS

4.3 FARKREHBIFEROLE

B0 P22 21 ALZ BT 2 FE PG5 K OFRAT A5 SR o T
BEO AT & S SETIARS R L AT RS, (ZIZHIBUE R
FERAT & e Bo HMERICBU BIREZ LT 2 &, #
PGSR D 5 ASFE RS A Il L CTOVRIRICS 3 2 i L
AEDE23CREMR DS, R IIMAZ Y TH S
EEZHNS,

AR ORI B2 S5 15m P EoE&RICH D,
G DOFI100m LN IEE T VAL E 4T 5 72 b O DAk
RS DS N7, SR L LT B iRk
BRESE 2o TV Do L L, AHERJEGHE - R R F8 TE ik fii -
P OFRE I &) SRR OB ET 5 2 LS
ZZ O, BEERRRERNC LIS % BB R & 47
IO TEETH L,

5. &8

O EIRE DS 17, PERIED S O EiRPFAIZITIZTER
ERL, BT R OPESEE LSOO 22
356 EREE KIT S v,

@A I DHLE & o TRmPFEBAOIEFMERIZ IR &
ZALS L ST, SRR B IE A EICED
PEBDILHNVEIRZ MR T 5 2 LD WRETH B & E 2
LGN B X, FiEE S OGE & PERRGE, PR
IZE o TROZZHEIZE D, BTV — 2 DLl L
DFFi A7) T LD RETH %,

QI OET N — 2 ZHHR A D 35513 i
DHIEAYNE <, PERIEE EALD B3 Lo SRR EGE D
BN % &SR C 2 0, BTV — 2 ol
TR ANREE T % 0 AFRITHRR Tldik b HF
KB O i R~ MAE T RHE 139.0m /s HE
JEDIETH %o

@WRRIGT 2 B2 5 O FHin PR A ER $ 2 Jalii T,
P AT LB Y A PR L2 B % o

15
] - i‘l\,,‘ﬁ!}:‘\*
- FHREAR)
= fRITREAR)
. T

0 20 40 60 80 100 120 140 160 180 200
BELFEAt [C]
(b)  FEPAE R & TR O LI

P10 5E kT A/C:JB VF % SEIRE R B OMRAT G A D T BE 5341

Download service for the GTSJ member of ID , via 216.73.216.196, 2025/07/12.



Vol.41 No.3 20135

AR AZ2—EREEY S DERREROIEIERICE T 5% 253

G iRPEEAATER T 2 B2 # T GT % 5 i 3 % Hisk
OHEBE L B LV E S, BE B TR E
19 BEND 5.

©) F2 1 s 3 & AT S S 13 T TR O IR EE 5 A 12 7 B
B3, RN R D T ASE A RN AR TR A A
¥ 23T,

OWHEFIGT 2> & O iR PEEIC X 2 H LA~ D8
WD TARA, 122 (5 SH20mbh F) Tl sk
BT HLHR AL #PHICRE S 5 720, JEE O A
WK AR LB TH 5o

@FVEREGE - AR S - AR O Rk E
TP DEDSRAET D EBEZOHN
R RT S B SRRl 2 1T 2 &
Thbo

ML D
S aianil]
(IO T H

IL:'II[.I{
do

SEFVER (0.09)
D HERIEHESRB R (2.1 [m])
D BAVRIRIC B B HERJRGE [m/s]
CREE SICBIT B EE [m/s]
SR Z [m] 2B A)EHE [m/s)
& E [m]
C bZeaE R [m] (100 [m])
DR E [m] (94 [m])
CHDIEE [m/sz] (9.8 [m/s?])
DPREA RS [m] (BRI SRCPHEE2 Z AL
BB BTN — 20l S (m] - Z |, [m])
kBB ORSIC X 2ELH T AV F— [m2/s?]
EHEZ [m] 1B AERT AV F— [m?/s?]
a & (025)
CEEZ [Im] ICBY A ELEEGER [m2/s?]
e, BB ORI X ZERHOEE [m?/s%]
6 :HsR [TC]
A0 PERIREE LV RiRO % [TC]

®

o

N

mNNNCCCUO
& o

=
=

Download service for the GTSJ member of ID , via 216.73.216.196, 2025/07/12.

ZEXW

(1)

(2)

(10)

()

12

HNBG—, BEBZBEHE O 72 0 O % - KRAILECY
WFLEORSE, KREABRE42E38(3), 20034

AR, JE2E7 & OFEA AL BT B PllE & R,
HAK M2 R0R, 4569%, 55747, 19664
P HE T, R SUHL B A © % 8% ¥ TADMER - METI
LIS, 3%, 20074

TRHERER, AERGIGEWEIARZ FARFEL 2B
BTN TE~ = 27 b Ver302

(REVE £ — B L3 9 B 7V« METLLIS),
20124F

SRBRE, HIGHNE, BEHY S0P (B) 12X o T
AU 2SR AR, oA E RSB 5 2 5 R,
FEV. R HH Vol 1, No. 2, 19904F

Wb —, MEHE—, AR, PEA 27305
%, BPHFL ¥ 22— NO.38, 20004

Daniel FUENTES DEL RIO, Takeo KAJISHIMA,
Numerical Simulation of Hot Gas Dispersion from a
Chimney, Journal of Environment and Engineering,
Vol. 6, No. 1, HABEM 25, 20114F

Sang-Kwon Wee, Il Seouk Park, PLUME DISPERSION
CHARACTERISTICS IN VARIOUS AMBIENT
AIR TEMPERATURE GRADIENT CONDITIONS,
Numerical Heat Transfer, Part A, 20094

Nejla Mahjoub Said, Hatem Mhiri, Georges Le
Palec,Philippe Bournot, Experimental and numerical
analysis of pollutant dispersion from a chimney,
Atmospheric Environment, 39, 20054

EHN—, o, WB—, REZEh & OFET A HLH
T - BAEET VORI (KIFEERT - P57 ZAPHA~O
WH), HIOMBRBETERE T VR T 7 22009, HAHE
W es, 200948

ADAPTIVE RESEARCH, Theoretical Background,
19994F-

FERIE N B ARG =M, Tl RBREE Tl o) 72 0 Dt
KREERT A A KTy 2, A RITA4 Y ERAMNT—%
N—2R, H#E, 20074



254

AARAZX2—-EFR5 Vol41l No3 20135

Heat Transfer Characteristics of Dimpled Surface Measured by Transient Technique with
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Compensation of Three-Dimensional Heat Conduction
(Heat Transfer Performance for 60deg Angled Teardrop-Shaped Dimple)
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ABSTRACT

Recently, heat transfer enhancement with dimples is becoming attractive for internal cooling of gas turbine blade
because it induces small pressure loss for moderate heat transfer enhancement. Teardrop-shaped dimples showed
high heat transfer performance in previous study, and furthermore inclination of teardrop-shaped dimples with
respect to the main stream direction has potential of higher heat transfer performance by inducing secondary flow.
In this study, 60deg angled teardrop-shaped dimple case was experimentally compared with the cases of spherical
dimple and teardrop-shaped dimple without inclination. The heat transfer measurements were performed by using
transient technique with compensation of three-dimensional heat conduction for Re=16,000-36,000. In addition, flow
visualization with combination of oil-film method and PIV was performed for Re=30,000. The present results clearly
showed the areas of flow separation and reattachment and the heat transfer characteristics of 60deg angled teardrop-
shaped dimple. At the same blowing power, the heat transfer of 60deg angled teardrop-shaped dimple case was
higher than spherical dimple case by 5%, but lower than teardrop-shaped dimple without inclination case by 13% as

maximum difference.

Key words : Heat Transfer Enhancement, Dimple, Internal Cooling of Turbine Airfoil, Transient Technique,
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Fig. 2 Schematic of test section.
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Fig. 3 Schematic of dimple geometry.
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Fig. 4 Streamwise distributions of local Nusselt number,
Nu/Nu, with (thick line) and without (thin line)
compensation at spanwise center (z/d=0) for
Re=26,000.
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Fig. 5 Contour of local Nusselt number, Nu/Nue, in

spherical (upper half) and teardrop (lower half)
cases for Re=26,000.
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(b) Vector field of oil-film method, ||/ Uy m (Dashed
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Fig. 6 Results of 60deg angled teardrop-shaped dimple

(Nu/Nuwoo and |soil/ Usiim are for Re=26,000 and
30,000, respectively) .
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Fig. 7 Reynolds number versus surface averaged values.
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