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The Influence of Transient Inlet
Distortions on the Instability
Inception of a Low-Pressure
Compressor in a Turbofan Engine

While studies on compressor flow instabilities under the presence of inlet distortions have
been carried out with steady distortions in the past, the investigation presented here
focuses on the influence of transient inlet distortions as generated by variable geometry

Dirk C. Leinhos engine intakes of super- and hypersonic aircraft on the characteristic and the nature of
. the instability inception of a LPC. The flow patterns (total pressure distortion with a
Norbert R. Schmid superimposed co- or counterrotating swirl) of the distortions are adopted from a hyper-
sonic concept aircraft. A LARZAC 04 twin-spool turbofan was operated with transient
Leonhard Fottner inlet distortions, generated by a moving delta wing, and steady total pressure distortions
starting close to the LPC'’s stability limit until it stalled. High-frequency pressure signals
Institut fur Strahlantriebe, are recorded at different engine power settings. Instabilities are investigated with regard
Universitat der Bundeswehr Minchen, to the inception process and the early detection of stall precursors for providing data for
D-85577 Neubiberg, Germany a future stability control device. It turned out that the transient distortion does not have

an influence on the surge margin of the LPC compared to the steady distortion, but that
it changes the nature of stall inception. The pressure traces are analyzed in the time and
frequency domain and also with tools like Spatial FFT, Power Spectral Density, and
Traveling Wave Energy. A Wavelet Transformation algorithm is applied as well. While in
the case of clean inlet flow, the compressor exhibits different types of stall inception
depending on the engine speed, stall is always initiated by spike-type disturbances under
the presence of steady or transient distortions. Modal disturbances are present in the
mid-speed range that do not grow into stall, but rather interact with the inlet flow and
produce short length scale disturbances. The obtained early warning times prior to stall
are adversely affected by transient distortions in some cases. The problem of appropriate
thresholding becomes evident. The best warning times have been acquired using a statis-
tical evaluation of the Wavelet coefficients, which might be promising to apply in a staged
active control system. This system could include different phases of detection and actua-
tion depending on the current precursofDOI: 10.1115/1.1330271

Introduction study are adopted from the concept aircraft HT$¥/personic

A reduction of the design surge margin of aeroengine compre-gr-anSport System Munighwhich was designed in a German re-

sors while maintaining sufficient engine dynamic and tolerance garch program on hypersonic trans-atmospheric fight The

inlet distortions is proposed to be one way of obtaining more SM was planned to be equipped with an air-breathing com-

efficient propulsion systems by either reducing the stage countb'P1eOI propuilsion system for operation in turbo as well as in RAM
prop y y 9 9 Rode. In the range from take-off to a flight Mach number of

in_creasing the_pressure ratio with the same number O.f stag_ =2.8 the transport system is powered by the turbo engines.
Since this requires a system that assures the a_erodynamlc stab ve this transition Mach number the RAM engines are active
of the compressor in all operating conditions, different schemes&

active control systems have been proposed and tested for hiH to M=6.8. Turbo and RAM engines use the same intakes and
speed machined—4]. These systems rely on the early detectiog zzles, respectively. Figure 1 shows a cutaway of the proposed

f incipient instabilities. Si . lerati d inlet di ropulsion system with two Turbo-RAM combinations.
orincipient Instabililies. SINce engine accelerations ana INlet AiS- oy ianded flight envelope makes a variable intake geometry

tortions are the most important causes for a reduction of Operatiﬁ'gcessary in both the super- and subsonic sections. Inhomoge-
surge margin L_Jnder _r_eal_fhght _cond|t|ons, the_ |nf|u§-nce of the_ feous flow generated by the supersonic part of the intake may
effects on t.he instability |ncept'|on h"’.‘?.to be |.nvest|g§1ted. Whi use separation and thus the occurrence of additional secondary
r_ecent studies on compressor |nstab||_|t|es dgrmg_engme acce'%aw in the geometrically complex intake duct leading to nonsym-
tions [5] and unde_r the_ presence of inlet dlstortl_cﬂfﬁs-_lo] fo- metric vortices and sectorial changes in total pressure and tem-
cused on steady distortions, the work presented in this paper Wasv re. When adapting the intake to a different operating point,
_carrled out using transient inlet cﬁsto_rtlons as generated bY engipg moving ramp of the subsonic diffuser causes an unsteady sec-
intakes of super- and hypersonic _alr_craft to evaluat_e thel_r Ian'(5'r1dary flow, resulting in a transient distortion mainly described by
ence on the compressor characteristic and the stall inception pLp-increasing vortex that produces swirl at the LPC inlet. Also in
cesi ofﬂthe LPC of a t\;vmh-sp((;ol turbofan. lari di h.the case of a malfunctioning ramp that moves into an extreme
The flow patterns of the distortions exemplarily used in thi§qgision one can think of similar consequences for the flow to the
compressor.

Contributed by the International Gas Turbine Institute and presented at the 45thSince the turbo engines of the HTSM have the same direction
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger; K R .
many, May 8—11, 2000. Manuscript received by the International Gas Turbine Insﬂf rotatlon‘,.but are 'n.Sta”.ed off the centerllng, the LPCs .face the
tute February 2000. Paper No. 2000-GT-505. Review Chair: D. Ballal. inlet conditions as mirror images, thus creating a corotating swirl
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Intake Duct

Fig. 3 LARZAC 04 C5 design point performance data
Fig. 1  Propulsion system of a hypersonic aircraft

and a detailed gas path analysis for steady and transient opera-

for those turbo engines installed on one side and counterrotatfify’S- In addition, the spool speeds, the thrust, and the fuel flow
swirl for the others, respectively. In the following the corotating'® Measured. An overview of the type and location of probes can
swirl will be referred to as CO case while the counterrotatin§® found in Schmid et al[12] and Has et al.[13]. The data
swirl will be termed COUNTER case. orrection and gas path analysis procedure for deriving compres-
The test engine is subjected to transient inlet distortions gen§R_Maps and running lines is described by Herpel and Fottner
ated by moving a nonsymmetric, half delta-wing with one ed : . )
parallel to the main flow and a huge winglet alongside the stream-/" @ddition to the conventional pressure probes, a number of
wise edge to prevent flow and a second vortex around this edgdli@h-frequency static wall and free-stream total pressure probes
produces a single vortex through leading edge separation fS€ installed at various positions throughout the LPC and the HPC
AOA’s above 6 deg. In order to generate additional sectorial totd!d- 4 in order to track pressure fluctuations during stall onset.
pressure deficits, two pieces of wire gauze are installed in théniature piezo-resistive pressure transducers are incorporated
engine intake. The distortion generator is depicted in Fig. 2. DEMO the front end of the probes, giving a minimum time lag and
tails of it and the influence of steady inlet distortions on the ovef@MPping of the pressure signals when sampling. For the measure-
all LPC and engine performance can be found in Schmid et fents presented in this paper five wall static pressure probes are

[12]. installed 7 mm upstream of the first LPC rotor, equally spaced
around the circumference at 332 degnsor 1, 44 deg(sensor 2,
Experimental Setup 116 deg(sensor 3 188 deg(sensor 4, and 260 degsensor %

(counting in the rotational direction of the rojofor detecting

Test Engine. The engine tests were carried out at the instispatial flow disturbances. The sensor positions relative to the flow
tute’s ground test facility using the low-bypass twin-spool turbgeattern are presented in Fig. 5. With five sensors in one plane,
fan engine LARZAC 04 CHFig. 3. It is designed with a two- spatial disturbances can be resolved up to the second harmonic.
stage, transonic LPC, a four-stage HPC, and single-stage HP &@ttier wall static pressure probes are located in the first LPC stator
LP turbines. The core and bypass flow expand through separatel one in front of the HPCafter the splitter casingwvhile a total
nozzles, which allows an almost independent throttling of botbressure probe is situated at the LPC exit in front of the splitter
compressors. In order to operate the LPC of the test engine awaging. These probes allow conclusions about the axial extension
from its steady-state working line, it is throttled by continuouslpf pressure fluctuations and the position at which they start. The
reducing the bypass nozzle area by radially moving in circle segxial positions of the sensors are shown in Fig. 4. Each of the
ments[13]. Important engine parameters are listed in Table 1. eight signals from the pressure transducers is digitized with a
. - .. sampling rate of 32.8 kHz and 13-bit resolution. Before being

Instrumentation and Data Acquisition. The test engine is yaneferred to a storage device, it is filtered with a 12.8 kHz analog
equipped with two different types of instrumentation. A numb§p, yass filter. Details of the full high-frequency instrumentation
of thermocouples as well as wall static pressure probes and tcg?vév iven in Hes et al[13]
pressure probes, connected with standard pressure transducers, arg T
installed throughout the engine. They represent the so-called low-

frequency instrumentation. They enable calculating mass flows tope 1 LARZAC 04 C5 design point performance data

Thrust 13 kN
Turbine entry temperature | 1403 K
Eg ] Bypass ratio 1.13
drive e Mass flow 27.64 kg/s
— - Thioo / Theo 2.26/4.6
EH- \ 3?_ niec / NP 17500 RPM / 22561 RPM
inlet A § no. of sensors in plane: 1
D

—_—

I 3 E;Z" [N T
| — oy | Pitot Probes E
/' B :;,: g5e e ——————

-+ Wall-Static Pressure Zamp
AR “e no. of sensors in plane: 5§ 1 1
Fig. 2 Inlet distortion generator  (CO configuration ) Fig. 4 Positions of miniature pressure probes
2 / Vol. 123, JANUARY 2001 Transactions of the ASME
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Table 2 Distortion parameters

co
distortion

0.50

(delta-wing 20 deg AOA )

COUNTER
distortion

DC(@)max 0.50

SC(@mx 019

0.19

sensor 4
=188°
Inlet Distortions: Flow Pattern !
The steady inlet distortion is generated by a nonsymmetric
delta-wing under a high angle of attack and two pieces of wire
gauze installed into the engine intake. The transient character of
the distortion is achieved by changing the angle of attack of the
delta-wing at a rate of roughly 1.5 deg/s, which is considered to be
comparable to the pace at which real engine inlet geometries are
adapted, thus increasing the single vortex. Two mirror image set-
ups of the distortion generator were built to produce the CO and
COUNTER flow patterns.
The maxima of the swir{SCy) and total pressur€Ce) dis-
tortion coefficients, calculated within a sectorg@f;; = 60 deg in
a plane one compressor radius upstream of the first stage using
Eq. (1), for a fixed position of the delta-wing at 20 deg AOA are
shown in Table 2.

_ [T = (e X lmas
Perit pt(x) — p(X)

DC(¢,x)|

_ | Verosd ‘va)|max
Perit

SCle,x)| ”

The flow patterns of the steady CO and COUNTER distortion

sensor 3
0=116°\ _

Verossei=1-0
sensor 2

% ‘ / ¢ =0440

O, Nipc

Ptioc

Ptmom
1.03
1.02
1.00
0.99
0.97
0.96
0.94
0.93

sensor 1
¢ =332°

sensor 5
$=260°

sensor 3

¢=116°’

Verossre=1-0
sensor 2

L 0=0440

¢, Dipe

Ptioc

Ptmom
1.03
1.02
1.00
0.99
097
0.96
0.94
0.93

sensor 1
$=332°

sensor 5
¢ =260°

relative to the sensor positions of the high-frequency instrumen- 3 _

tation (viewed upstreainfor n, pc=76 percent are shown in Fig. Fig. 5  Sensor position relative to the CO

5. (bottom ) distortion (viewed upstream )
Relative cross-velocitiegelated to the axial velocijyindicat-

ing swirl are represented by vectors,(,ss o) While darker sectors

show a higher total pressure defiiibcal pt(p; oc) related to the Traveling Wave EnergyTWE) as an indicator for the disturbance

momentum-averageg (P, mom))- Measurements were taken forenergy present in the flow. The PSD and TWE are also calculated
steady and transient CO and COUNTER distortions at variogsy the recorded pressure signals.

engine speeds. While in the case of steady distortion the delta-

wing was fixed at 20 deg AOA before the bypass throttle was Wavelet Transformation. In addition to the Fourier-based
closed continuously, the transient distortions were introduced apalysis techniques, a Wavelet transforma@ifir) is applied in

the LPC when it already operated stable close to its stability lim@fder to improve the temporal resolution of single events. Because
(because of previously closing the throltleith the delta-wing Of its similarity to the footprint of a spike in the pressure signal of
starting at 0 deg AOA and then moving it until stall occurfeg @ wall static probe, the Daubechies wavelet as shown in Fig. 6
to 22 deg AOA.

(top) and COUNTER

Daubechies wavelet magnitudes of wavelet coefficient

Analysis Methods

. . 20 for one level "
The signals from the high-frequency response sensors are s - 16 2
jected to different analyzing methods in order to give a full pictur o 015 " R
of the stall inception process. The data presented here are ta “ :'é 10 113 ) -§
from the five wall static pressure probes at the LPC inlet only. = « I|® . ;1
Temporal and Frequency Domain Techniques. The pres- L magnitude plot g5 .. o g
sure signals are analyzed in the time domain using digital lov 2 1 2 3 4 i o
and bandpass FIFFinite-Impulse-Respongéilters. Single events time windows time
like emerging spikes can be seen best in the time domain. Tt amplitude frequencies
can also be tracked on their way around the annulus in order g 231 00 0] 0
identify sectors of damping or amplification. A Fast Fourie*® S
Transformation(FFT) is applied to each pressure trace while th g2 2 0 2 0 0
set of five signals is subjected to a Spatial Fourier Transformati ::é 1 0 0 1 2 1
(SFT) as introduced by McDougall et dl15] and Garnier et al. g
[16] for detecting dominant rotating spatial disturbances. Theft , s ; s 00 3 0 ! 2 -
spectrum of spatial disturbances is obtained by calculating t [aveis Ve ke vl > fime

Power Spectral DensitfPSD of the spatial Fourier coefficients.

Based on the PSD, Tryfonidis et §17] developed the concept of  Fig. 6 Wavelet transformation and statistical evaluation

Journal of Turbomachinery JANUARY 2001, Vol. 123 / 3
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Fig. 7 Cutaway of the LPC compressor map

(upper lef} is used. Details about the WT are given bysdet al. Since the levels of the WT are connected to signal frequencies
[13]. Since a plot of the amplitudes of the wavelet coefficientsy the equationf=2""¢ levels 7 to 9 represent the LPC rotor
(magnitude plotas given in the lower left of Fig. €e.g., levels 4 frequency(depending on the spool spgehd levels 7 to 8 modal

to 14 are shown in the lower left of Fig. 6; the darker the bars thetivities while spikes are best resolved by levels 11 tdat3he
higher the amplitude of the wavelet coefficieraione does not order of the blade frequency of the first rgtowhich is identified
allow an in-depth analysis of the stall inception process and doas the relevant length scale for the creation of spikéssH al.

not improve the early warning time, lds et al[13] suggested a [13] showed that in the case of a clean inlet flow, the values for
statistical evaluation of the magnitudes in order to obtain an intseme levels started to rise for 0.5-1.5 s prior to stall, depending
gral indicator for compressor instability. The process for derivingn the rotational speed, indicating the begin of the instability in-
this instability parameter for one level will be described in theeption process regardless of the type of stall inception. In the
following. For each level, which can be interpreted as a band ofse of steadily distorted flow, even longer early warning times
signal frequency, the amplitude range is divided into amplitudgere obtained9]. In principle the WT can be used for online
zones and the time range in time windoWwspper right of Fig. . monitoring of compressor stability.

The wavelet coefficients whose amplitudes reside in each of the

obtained boxes are counted, yielding the so-called amplitude f'i?)‘(perimental Results

guency of occurrence. An amplitude frequency veéias created
by taking the values of all amplitude zones for a single time win- LPC Measurements. The LPC map is presented in Fig. 7.
dow. In order to reduce the influence of signal noise the frequenTytie characteristics for clean inlet flow are shown in light gray,
values for zone zerégray shaded zone in the lower right of Fig.while the black map, numbers, and symbols represent the dis-
6) are set to zero. In the example given in Fig. 6 this results in aorted inlet flow. The diamond symbols indicate the points of CO
amplitude frequency vector for the first time window &f; data, the circle symbols represent the COUNTER data. The lines
=[1200" and for the second time window df,=[000 (. of constant relative aerodynamic speeds are measured for stabi-
The next step is to sum the components of the frequency vecttized condition from the nominal steady-state working line up to
(e.g.,f;1=3). This value is then multiplied with the suey, of the stall by closing the bypass throttle. Since it is not possible to
amplitudes within one time windowe.g., a,;=40) yielding a de-throttle the compressor below the nominal working line, the
frequency weighted value of the amplitudes of the wavelet coefpeedlines have to be extrapolated in a reasonable way using en-
ficientswc, (e.g.,wc,;=120) for one level. This value is deter- ergetic and efficiency considerations. The detailed description of
mined for every time windowa window length of 0.1s is used for the deterioration of the compressor map with steady distortions is
the presented datand plotted against timesee for instance Fig. given in Schmid et al[12]. The larger, white-filled symbols near
10). The result is similar as if summing all amplitudes within a&he surge lines represent the measured points of stall with transient
time window but the presented method is less susceptible to singiket distortions. Since in the lower speed range the beginning of
events. Subsequently the process is repeated for the other levetall cannot be clearly identified while the engine is running, it

4 [ Vol. 123, JANUARY 2001 Transactions of the ASME
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reor & Jl,,.,, Lttt H! mwh” & to sensor 5. Similar behavior has been observed in past studies
: _— — , _ [8,10] where it was concluded that short length scale disturbances
¢ °.05 0.1 ©-152  gre diminished when entering a distorted zone and grow again
. ) ) ) _ when leaving it. No continuously growing phase is found in either
Etlg'agy Time series of static pressure,  91pc=53 percent, O, yno EET and SFT or in the PSD. The TWE yields an early warning
time of 0.3s(45 rotor revolutiongrevg) and the instability pa-
rameter of the WTwc, of 0.4 s for sensor 4 in level 11. Since
sensor 4 is the most active location of spike production, this dem-
was not possible to throttle the LPC to a stable point very close ¢mstrates the ability of the WT to resolve short length scale
the surge line and then initiate the instability by moving the deltalisturbances.
wing. Therefore, transient data are only available for speeds abovéA different observation was made far, pc=79.5 percent
Ngpc=79.5 percent in the CO and abowg, pc=76 percent in where a rotating disturbance is present in the PSD of the second
the COUNTER case. Some of these “transient” points do ndtarmonic of the SFTFig. 9) at 50 percent,,. It grows for about
coincide with the given speed lines because of slightly varyirs0 revs(0.22 9 prior to stall, whereas the TWE rises for 0.45 s.
LPC speeds when the delta-wing is moving. With an increasiBut in the time series and bandpass filtered signal no modal ac-
angle of attack, the delta-wing blocks the inlet, which decreast¥ity is visible. Rather, a spike emerges at sensor 1, which is
the mass flow through the LPC and the HPC, thus reducing tleeated behind the smaller sector of total pressure deficit and
performance of the compressors which leads to lower pressuvbere the cross-velocity component indicates a countergiag:
ratios. One can see that the “transient” points are located on thg Also the second harmonic of the SFT does not grow smoothly
measured surge lines for steady distortions, CO, and COUNTERto stall, although for some revolutions a constant phase speed of
respectively. Thus the surge margin decreases in the same agproximately 50 percent df,,; can be detected. The statistical
both for steady and transient distortions. Since the speed of #naluation of the WT reveal levels 8, 9, and 11 rising at sensor 3.
transient delta-wing is small compared to the rotor speed, tA&is might also indicate that there is long as well as short length
transient distortion seems to have steady character for the LBGle disturbance activity. It gives a warning time of 0.5 s. One
and no significant difference compared to steady distortioman therefore conclude that a modal wave is present but cannot
occurs. claim for sure that it leads directly to the instability. It is more
. . likely that the modal disturbance interacts with the distortion and
High Frequency-Measurements. As reported by Hes et al. 5,4, ces spikes that finally trigger the stall. A similar observation
[13], the type of stall inception in the LPC of the LARZAC 04isr reported by Day et a[6].
_depends on the spool spet_ad in the case of c!ean |rj|_et f|0W.'WhI 8n the high-speed casenf, pc=95 percent again a typical
in the low-speed range spikes triggered the instability and in ;e tvne stall inception was identified starting between sensors 3
mid-speed range stall cells grew via modal waves, a disturbanggy 4 “Sensor 4 shows a great spike activity in the time series and
rotating at rotor frequency initiated stall in the high-speed rangge FET \while no useful information can be obtained from the
This disturbance is thought to be either a compre$S|bIe mode o, BT and PSD, which shows just a noisy spectrum. But still the
modal wave or might come from rotor unbalancing. Under theyye of the first harmonic gives a warning time of 0.1959
presence of inlet dlstc_)rtlons the behavior seems to be somew, 3. The wc, shows a significant increase for about 1267
d_|fferen_t. In thg following the results o_f the transient 'nlet.d'Storfevs) at level 13 of sensors 2, 3, and 4, verifying the stalling via
tions WI||. be @scussed after addressmg the stall inception W'gbikes. In Fig. 10 thevc, (in arbitrary unit3 of level 13 at sensor
steady distortions generated with the same delta-uat@0 deg 4'is plotted against time. The beginning of the instability is de-
AOA) for each case. picted at 2.66 s.

CO (Steady). The_ pressure data from the five wall static pres- COUNTER (Steady). For the COUNTER case observations
fhilar to the previous are made for the three speed ranges. How-

differs depending on the spool speed with respect to the geometn%ér' ithas to be pointed out that fioj ,c=53 percent, the warn-

origin of the instability and the types of stall precursors present in
the flow. The low-, mid-, and high-speed ranges revealed some
differences. Representative speedlines for those were identifie¢5000 + .
be ny pc=53, 79.5, and 95 percent. In the casemfipc=53 10000+ .
percent all analysis methods clearly showed a spike-type stall 5qgg | _
ception. Figure 8 depicts the time series of the wall static presst \ . .
sensor. 05 1 15 2 25 3
The critical spike is first detected at sensor 4, which is ju: Time [s]
outside the strong total pressure and swirl distortion as shown at
the top of Fig. 5. There are also some spikes produced in thg. 10 The wc, of level 13 at sensor 13 against time,
smaller pressure deficit with a small radial flow component closg,, ,c=95 percent, CO, steady
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Time [s]

Fig. 11 The wc, of level 11 at sensor 1 against time, Ny pc
=53 percent, COUNTER, steady

ing times obtained by the TWE decreased to 10 revs, whereas u.. Time [s]

wc, of level 11 of sensor 1 indicates the increase of disturbances

0.75 s(115 revs prior to stall as shown in Fig. 11. Looking at theigéirft tinTge r|;vca o;Igesver,;leiclerﬁo;é)OeLIJnSTlEZR(b;gg?y) at sensor 3
flow pattern of the COUNTER distortion at the bottom of Fig. 5, oeLke ’ '
one can see that sensor 1 is located at the exit of the sector of total

pressure distortion with a rather large counterflow, which in;. . S . .
creases the relative flow angle onto the tip region of the bladéjéﬁerem'al PSD(DPSD), which is obtained by subiracting the
fegative part of the PSD-spectrum from the positive, shows the

thus favoring the production of spikes. . L
For the mid-speed rang@ §,pc=76 percent some modal dis rise of this disturbance for as long as 1500 revs and also a strong
- LPC™ - i ;
turbances are found again in the PSD of the first harmonic rotatiggézgsgfjgﬁé Zf;ﬁri eslqt:t”.thl?embggf igar?i ﬂg? tii?]ft/r}at tEe 5r(c))tat|ng
at 42 percent rotor speed. Since the stall cell runs around t This indi hat the b'I'g q rot = hi
annulus withf/f ;=55 percent and level 11 rises for all sensors, Rercent. Is indicates that the instability does not grow smoothly

is likely that the modal disturbance does not grow smoothly in rUtmOIhtget)igeoggligésggza:gﬁqév;@t?\t}tCailrr: tt;\z Eoncelf(lj:\fjelagf \fﬁgl
stall but rather promotes the development of spikes. The first har= Y pp

monic of the SFT is shown in Fig. 12. There are sections T. It has also to be pointed out that it is somewhat peculiar that

e speed of the mode is exactly 50 percent of the rotor speed in
constant phase speédetween 40 and 50 percent of rotor spee g
visible some revolutions before stall. The TWE gives an ear | the presented caséiough the spool speed is slightly vary-

warning time of 90 rev$0.4 9 and thewc, of levels 7, 8, and 9 hg), which is not true for clean inlet flow. Hence it might be
of sensor 4relatively calm regionfor 226‘ revs(1 9 T suggested that the modal activity is amplified in interaction with
The stall inception in the high-speed case is cléarly driven 6 e inlet distortion and thus an eigenfrequency of the compression

spikes. Neither the SFT nor the PSD indicate the existence tem including the inlet flow condition. Since the TWE is al-
modal disturbances. The spectrum of the first harmonic is clea glagﬁr/] aigihn?;ggzholfg\%sotg egrsv; nr;g r‘;ﬁi énviL?%sfh g)l\rllg ' ct)? stall
dominated by the rotor frequency. The FFT shows that the sign & | 7gat sensor 4 vields éO e84 9 9 a

from sensors 1 and 2 have the noisiest spectrum, where the critigéfhe high-speed c);se is best re reéentedm —90 percent
spike is also found in the time plot. The TWE yields a 0.136 gn-sp P ¢ b ;

revy warning time. The stability parameter of the WT increase%'nce the SFT reveals no constant phase speed and the PSD is

for levels 11 to 13 for a couple of seconds prior to stall. Since th STy Noisy, with only the rotor frequency being detectable in the

rise is quite peaky, it is difficult to define an exact warning time"rst harmonic and levels 8-10 of the WT very active, it can be

which might be overcome by finding an appropriate threshoﬁluggeSted that there is no modal disturbance and that stall is ini-

based on a larger data base. As an examplewtteof levels 11 fated by spikes. Similar to mid-speed the TWE wiggles around an
(top) and 12(bottom at sensér 3 are depicted in Fig. 13 almost constant level without any significant increase before stall,

as shown in Fig. 15, where it is presented for the last 500 revs.
CO (Transient). As mentioned above, data for transient inleThe wc, of levels 10 at sensor 4 exhibits a very noisy and un-

distortions could only be acquired in the mid and high-speed

range. Therefore, the results will be reported for those two starting

with the CO distortion. As in the steady case a disturbance roti

ing af/f,,;=50 percent can be detected in the PSD of the seco . : : \

harmonic for almost the complete measuring timerfgrpe = 80 & gm0 777w

percent. Since the operating point when starting to move the del® 3"« g Al o T

wing was already very close to the surge line, one can interp|;3 2

this as a modal disturbance that is present because of the redL ®» ;

damping of the system close to the stability limit. In Fig. 14 th 5., |

Q 02 0.6 08 1 1.2
ot
A ' : : H ; : (PN B Fig. 14 DPSD of SFT's second harmonic, ng4 pc=80 percent,
£ 7 ; ? i i : 1‘ il fie CO, transient
001+ ! : : : i }U’! HEEE
E +, .4 BOA AL PR YAl -
< 0 }ﬂ.f WA \,f/“\«/‘\['\wl\f\, Ai/\ \i\r‘v’ V’“i"«\“\.d \; »?/\[ [ /\:"\’ (WA 7 : . Y i T T 1 T i T 3
stall i 105- J
(o]

— T T T T T T T
&30 I e BN g
320 e Y o f
S0 L 1 B T
&, | | I 1 el TN T . f l
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Fig. 12  SFT of first harmonic, n, pc=76 percent, COUNTER, Fig. 15 TWE of SFT'’s first harmonic, n4 pc=95 percent, CO,
steady transient
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i T T " i T tortions. The differences from previously obtained results for

50r 1 clean inlet flow are stated. While the operating range of the LPC,
particularly the surge margin, is not adversely affected by the
0 YIS s A L+ transient distortion, because of its relatively slow speed compared

2 4 6 8 10 12 to the spool speeds, differences were found regarding the nature

8000 of stall precursor and hence the capability of methods for early
6000 detecting instabilities as they might be used in control devices.
4000 1 Methods based on the detection of spatial disturbarB&D,
2000 TWE) did not give a useful warning time for CO and COUNTER
2 4 6 8 10 12 transient distortions in the midspeed ran@s opposed to the
Time {s] steady distortionand only a short warning timé.15 9 in the

) case of CO distortion in the high-speed range while a sufficient
Fig. 16 The wc, of level 9 (top) and 13 (bottom ) at sensor 5 ime (0.3 9 was obtained for the high-speed COUNTER distor-
againsttime, 1y pc=80 percent, COUNTER, transient tion. Although the statistical evaluation of the WT gives longer
warning times than the other methods in all cases, the problem of
appropriate thresholding becomes evident. Nevertheless, employ-
ing a statistical wavelet analysis seems to be a promising approach
for a future active stall control system, which could include dif-

decrease after that point in tima warning time of around 0.15 S ferent stages of detection and actuation depending on the current
(40 revs can be obtained. precursor

COUNTER (Transient). Similar to the CO distortion, a sec- While at low and high speeds spikes cause stall for steady and
ond harmonic modal disturbance rotating at 50 percetifpfvas transient distortion$CO and COUNTER it can be suggested by
found for n, pc=76 percent in the COUNTER case. The samtaking all analysis methods into account that modal disturbances
observations are made for the SFT and PSD, suggesting that @@ present in the midspeed range, but that they do not grow into
mode interacts with the inlet flow and produces spikes that eveigtating stall. Rather, they interact with the distortions favoring
tually lead to the instability. As in the previous case, the TWihe development of spikes that eventually cause the instability.
does not reveal any useful increase because it does not grow con-
tinuously but rather rises and falls over a longer period in tim%cknowledgments

Thewc, of levels 7 to 9 at sensor 1 and levels 7 to 13 at sensor 5__ .
exhibit a noisy rise, which makes it hard to define a warning time, TS study was partly supported by the Deutsche Forschungs

Assuming an appropriate thresholding, thie, of level 9 at sen- GemeinschaflDFG) as a project of the national research coop-
sor 5(very active regiongive 0.5 (110 revs as shown in Fig. 16 €ration “SFB 255" of the TU Munchen and the Universitaler
(top) while it increases for abai6 s atlevel 13. The sharp drop Bundeswehr Machen, which is gratefully acknowledged.
after the establishment of the stall cell indicates that the instabili-
ties move to lower frequency bands. Nomenclature
Spikes in time series,_the absence of a constant phas_e in the T, = total temperature, K
SFT, a very noisy PSD without any characteristic frequencies, and ¢ _ frequency, Hz
the high activity in the upper levels of the WT strongly suggest — (otor speed
that spikes initiate stall in the high-speed cagerc=95 percent. p, = static pressure, total pressure, Pa
In contrast with mid-speeds, the TWE gives, depending on the” :} — free-stream vel'ocity '
thresholding, a remarkable warning time of 50 ré@s2 9 as pressure ratio
shown in Fig. 17 where the TWE of the first harmonic is plotted, (Npel /T i) el
for 2000 revs prior to stall. It is likely that the TWE can take b _ instLaPtC)iIinytEF;icrgrl%erigﬁvgf Wavelet transformation
advantage of a high number of spikes that emerge and survive for o
a short period. A peaky increase of the, of levels 7 to 10 at Abbreviations
sensor 2 and levels 9 to 10 at sensor 5 can be observed, suggesting AOA = angle of attack
that the size of the small length scale disturbances becomes bigger | PC = low-pressure compressor
closer to stall and slowing them down. For a conservative thresh-  HPC = high-pressure compressor
olding thewc, of level 8 at sensor 3 yields a warning time of 0.3 CO = corotating distortion
s (80 revs while a strong increase in level 10 at sensor 2 can lEOUNTER = counterrotating distortion
detected 1 $260 revs prior to stall.

steady rise(similar to steady CQfor some seconds, making it
difficult to define a threshold. For a conservative thresholdimg
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Design and Test of a
e s | S€Mi-Passive Flow Control
s | Device for Inlet Distortion
witliam 7. cousins | OUPPression

Honeywell International,
Phoenix, AZ 85034 Advanced turbine engines often operate with reduced stability margin to increase perfor-
mance. Aircraft engine temperature and pressure inlet distortion have a major effect upon
the stability of the compression system. Suppression of inlet distortion can provide a

Dong N. Wu greater stability margin for the engine, thereby reducing operability restrictions on the
. engine by allowing closer operation to the stability limit. SMI has designed and tested a
David J. Brvg semi-passive distortion suppression system. The system uses flow injection to modify
temperature and pressure inlet distortion. The prototype system was tested on a Honey-
Scientific Monitoring, Inc., well T55 compressor rig. This paper presents both the design of the system and the test
Tempe, AZ 85259 results. The test results show that this semi-passive distortion suppression system was

able to reduce the surge margin degradation caused by the presence of pressure or
temperature distortion. Special design considerations for this type of system are dis-
cussed, based upon the results of the prototype test. It is shown that distortion control can
be a viable addition to the design of an aircraft engingDOI: 10.1115/1.1333091

Introduction izing system about the flowpath. Active suppression might be con-
sidered a more effective approach since it is a response to a
turbine engines. Eiher instabilty can be initated by poor inigjciciteTe Y BT P 2 BT SRR PR
flow condlthns in t_he engine. Nonunlfor_m inlet Cond't'o_nssuppressions is a passive, or hybrid, suppression system. A semi-
(known as distorted |nIe_t conditionsan mamfeSt themselves in ,qqjye system requires fewer actuators and sensors, because it
elth_er t_he temperature fleld,_ the pressure f_|eld, or both. I_nlet diSrovides most of the suppression effect through passive energy
tortion is caused by the design of the inlet itself, by the pitch ar‘tﬂssipation.
yaw angle of the aircraft, by the location of the engine inlets with gy pas designed and tested a semi-passive distortion suppres-
respect to the airframe itself, or by the ingestion of wakes froggn system. The system, called the Distortion Suppression Ple-
other aircraft, or in the case of military aircraft, armaments.  nym (DSP), is a plenum wrapped around the inlet duct of an
Engines are designed to operate with a certain stability margéhgine. The DSP and the engine inlet duct are connected aerody-
that is, far enough from the stability limit of the compressiomamically through a number of airflow passages. If the pressure
system that surge or stall conditions will not be initiated. Quitfhside the plenum is higher than the local static pressure of the air
often, advanced turbine engines operate with reduced stabilitythe inlet duct, air will flow from the plenum to the inlet. On the
margins to increase performance. However, there is a limit asdgher hand, if the local static pressure of the air in the inlet duct is
how much this stability margin can be reduced without jeopardikigher than the plenum pressure, air will flow from the inlet to the
ing the operability of the engine. Stability margin is reduced bglenum. This simple two-way flow exchange is the basic design
many influences on the engine such as performing engine trgmarameter of the DSP. The pattern of the DSP flow passages can
sients (thus raising the operating lineengine build tolerances, be varied to achieve the best result for a given operating
worn hardware, and inlet distortion. Generally, inlet distortion is eondition.
significant factor in the reduction of stability margin. Therefore, if If the pressure in the plenum is “controlled” to be slightly
the effect of inlet distortion on the engine can be reduced, tigher than the average pressure of the inlet duct, air will be
engine can operate closer to the stability limit, thus increasirigrced into the flowpath, disrupting the distortion by adding mo-
performance without increasing the risk of compression systementum to the low-momentum air in the inlet. Increasing the mo-
stability problems. mentum of inlet air in the low-momentum flowfield regions im-
There are many ways that inlet distortion can be affected yoves the nonuniformity of the inlet flow, thus reducing the
external means. Since inlet distortion is either a maldistribution gegradation of stability margin by reducing the inlet distortion.
flow (through a varying pressure figldr a maldistribution of Flow equalization between the plenum and the inlet can be ex-
temperature, affecting these by some external means is necesgggfed to have a similar effect for temperature distortion, since the
to improve nonuniform inlet conditions. Suppression of inlet discompression system stabilitand the compressor majs based
tortion can be considered either active or passive. Active suppré§on corrected flow conditions. _
sion requires sensors, control computers, and actuators such akhe purpose of this paper is to report on both the design and on
that presented by Jajt], and the systems of othela,3]. Passive the test results of the Distortion Suppression Plenum designed by
suppression, on the other hand, can be thought of as setM!-
correcting flows due to the design of some sort of pressure equal-
Design of the DSP

Contributed by the International Gas Turbine Institute and presented at the 45th-|-he original idea for the DSP was to put flow injection holes on

International Gas Turbine and Aeroengine Congress and Exhibition, Munich, GeJ- .
many, May 8—11, 2000. Manuscript received by the International Gas Turbine Inst1€ plenum wall that separates the inlet duct and the external

tute February 2000. Paper No. 2000-GT-45. Review Chair: D. Ballal. plenum. These holes are distributed equally about the circumfer-

Rotating stall and surge are two undesirable instabilities in g
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ence of the duct. This circumferential pattern consists of 75 holggst Setup and Results

B e e s s rat o Testingof e DSP was conducted on an Honeyuel 5 con:
9 ' y 9 P essor rig. The DSP formed a section of the inlet duct on the

momentum component to the inlet air based upon the difference’in . ; o . X
the static pressure field. compressor rig. This sectiofwith the DSP was inserted in the

A inlet duct between two Marmon flanges as shown in Fig. 3. The
The tests with the DSP were conducted on a seven-stage H 5P was also used as the base on which the SMI high-response

eywell T55 compressor rig. To provide the greatest chance S . o
success and to allow the easiest tracking of the inlet flow, the D§5 m;ectlon va_Ive was mounte(Figs. 3 and 4 Three 0'625. n.
Ia air supply lines were connected to the plenum to provide shop

was designed to affect the inlet flow with the T55 compressiOév

: . ir to the part of the plenum encompassing the circumferential
system running at 75 percent corrected speed. This was a spee ocfés, as shown in Fig. 5. One additional life# the same size

interest for several reasons. First, it is after the closure of the sur s connected to the part of the plenum encompassing the axial
bleed in the engine cycle. Second, it is a speed at which engﬁées P P P 9

ts#égceol;?&ae\ggigﬁ zg!tg?trggegisbguztsaggn?notfhtehewf(r)cr)lr(wtk;s;agiio_ él'he. compressor rig w.ith the DSP installed is shown in Fig. 6.
[4,5]. In addition, in the real engine environment, it is often at th © airflow enters th? rig from the left, through t_he apnulus. A

e olid blockage plate is shown mounted on the distortion screen
lower speeds that many other destabilizing influer(sesh as the

start of a rapid transientombine with the effects of inlet distor- ho_II_dheer f‘;;?ﬁ;?,'if,gg”?g aar%?j"?éagg{]e rtr?fi:{e how much lost surae
tion to provide a region of reduced stability margin. To assist in P prep 9

the determination of the proper hole size and flow injection anglé%?nrgg]r ;t%l:éd t():i‘issigrct?c\)lrleri%rllﬁiltri] gntg eal?s%ur;)céir: gr?tt h C‘g;spsr:;esgg d
iocrgrpnrre):tsﬂorri]gl Iﬂfe'? gzgfn':'llgisr;e:gls;i\gzig\?vrefgrmi\? 83 t/gery-li-n rrected speed. Initially, pressure distortion was to be created by
the amount of flow injec'ted the momentum increase achiev%gﬁmg a 90-deg extent distortion screen or the 90-deg blockage

(and the effect of the injected jetould reach all the way to the ate (shown installed in Fig. 6 A 90-deg temperature distortion

first-stage rotor or at lower flows, just affect the local flow in th%lvc?v?/-itr(l)jet():ﬁo(r:\rafgﬁgsb¥ht2;zewsa?fjgeg2/n %eesjsgeneendinulgisgt;re;?;a;wg

inlet duct. This is an important consideration in the interpretatiolﬂtO the flowpath directly behind the converging inlet and before
of the results that will be discussed later in this paper. : A : ;
After further (CFD) simulations, interest develogeg ina secong'e DSPh. Ustl)ng hot-air m;icltlon to gorm a temperature dlsto|_r|t|on
L . Ay - ttern has been successful on other engine programs at Honey-
flow injection pattern. This was an axial hole pattern, consisting w]aell. In the case of the T55 compressor rig, a 90-deg distortion

longitudinally aligned holes slanted in the circumferential direc-
tion against the rotation of the compressor, providing a lock as chosen for several reasons. It was known from past tests that

counter-swirl component to the flow. The air injected through the
axial-hole pattern forms a streamwise “sheet” of flow, intended

to disrupt the distortion disturbance. These axial holes were also Hot Air tnjection System & Distortion Screen Holder
slanted 45 deg from the horizontal line. A total of five holes were ! 5
drilled in the plenum wall in this pattern. b DSP Plenum
Figure 1 shows the DSP containing both the circumferential | A Pl
and the axial hole patterns. Figure 2 illustrates the flow directions
of the injected air from the plenum to the inlet duct. r v

ft 1 : ti

Fig. 3 T55 compressor rig layout

Fig. 1 The DSP showing the hole patterns

Fig. 4 Three-dimensional model of the DSP showing installa-
Fig. 2 lllustration of the designed flow patterns of the DSP tion details
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Fig. 7 Compressor map showing the baseline stability limit
and the effect of pressure distortion

Fig. 5 Plenum airflow supply and distribution system represents the engine operating line. This line is necessary to cal-
culate constant speed surge margin. For a compressor rig test, the
operating line can be set anywhere using the rig discharge plenum

a 90-deg distortion pattern would produce an adequate change&/@ive. Therefore, the results presented here for changes in the
the stability limit line of the compressor for this test series. |§tability margin of the compressor are due only to the changes in
addition, since the T55 compressor rig contains four inlet strut§e stability limit line, not changes that might occur to the oper-
the 90-deg pattern was selected so the struts could be usedBg line, since those cannot be determined by the rig test.
assist in the formation of the distortion profile. The struts pro- AlSO shown in Fig. 7 is the effect of the application of pressure
duced a flow boundary that helped contain the injected air formifgistortion. For the distortion applie@vhich was approximately 5

a cleaner pattern. Following flow-injection tests from the temperg€rcent circumferential distortiosy Pc/P), the stability margin

ture distortion wands, it was found that the same level of pressyff constant speed surge margimas reduced 5.3 perceffrom
distortion could be produced by the injection of ambient air as thad-7 Percent to 6.4 percent _

produced by the blockage plate. Producing pressure distortion inThe first set of tests investigated surge margin recovery by us-

this manner reduced the test time and cost involved in changifft§ the circumferential injection only. Three different injection
out distortion screens and opening the rig inlet from the inldOW rates were tested. The results showed that the circumferential

suppression tank. hole pattern was able to affect the distorted inlet so that some of
The test procedure involved three steps: the stability margin was recovered; however, the amount of recov-
« identification of the compressor stability limit prior to any€y was not linear with flow rate. The largest recovérpm 6.4
distortion application, to 9.0 percent surge margiwas achieved using the DSP with the
« identification of the stability limit after pressure and temperagircumferential holes activated at a flow rate of 1.0 Ibm/s, thereby
ture distortion was introduced, and, gaining 2.6 percent surge margin. When the circumferential holes

« identification of the new stability limit after the DSP startegvere activated at flow injection rates of both 1.6 lom/s and 0.5
airflow injection into the inlet duct under both of the injectionPm/s, the recovered surge margin was not as great, as shown in
schemegcircumferential and axial Fig. 8. _ _ _

First, the baseline stability limisurge pointwas determined at ~ The second set of tests investigated the effect of surge margin
75 percent compressor-corrected speed, as shown in Fig. 7. TRgovery by using axial injection. This series of tests used flow
slope of the limit line was drawn by obtaining the surge point 4&t€s of 0.2 Ibm/s, 0.3 Ibm/s, and 0.4 Ibm/s. Some stability margin
both 65 and 80 percent corrected compressor speed. The operaffd§ recovered in all cases as shown in Fig. 9, but the largest
line used throughout the test series is also shown in the figure, d48govery resulted from the lowest flow rate. The surge margin
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Fig. 8 Compressor map showing the surge margin recovery
achieved using the circumferential holes in the DSP with pres-
Fig. 6 Compressor rig showing the DSP installed sure distortion
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Fig. 9 Compressor map showing the surge margin recovery Fig. 11 Compressor map showing the surge margin recovery
achieved using the axial holes in the DSP with pressure achieved using axial and circumferential holes in the DSP with
distortion temperature (and pressure ) distortion

circumferential holes, the surge margin recovered was only about
with the 0.2 Ibm/s blowing was 9.7 percent, a 3.3 percent ine. percent. Decreasing the flow rate caused this to get worse, as

provement in surge margin over the pressure distortion case wiiiown in Fig. 11. .
out blowing. The most encouraging results for temperature and pressure dis-

Following the pressure distortion tests, examination of the diortion were achieved with the axial hole configuration. Flow rates
fects of the DSP on temperature distortion proceeded. As mé&f0-1 Ibm/s,_ 0.2 Ibm/sZ and 0.3 Ibm/s were tested and the resultant
tioned previously, the generation of temperature distortion al§§f9€ margin recoveries were 3.3, 4.2, and 4.8 percent, respec-
generates pressure distortion due to the injection of air in th¥ely- For these flows, the actual surge margin values were 4.5,
upstream direction from the hot air wands. Previous temperatutéh @nd 5.7 percent, respectively. This recovery of the stability
distortion testing at Honeywell on other compression systerf{lit is shown in Fig. 11.
showed that the air must be injected in the upstream direction to .
achieve adequate mixing of the temperature distortion field. |§ISCUSSIOn
some cases, the tests have been performed using screens in tiests of the DSP indicated that blowing air in the axial and
undistorted temperature sector of the inlet to create the same pr@esumferential directions into the inlet of a compression system
sure loss as the injected hot air, thus effectively eliminating tfeuld have an effect on the stability margin of the compression
pressure distortion during the temperature distortion testing. Degstem by improving the inlet distortion pattern.
to program timing and costs, this procedure was not used in thisExamination of the previously presented data shows that the
test series. Rather, determination of the effect of pressure distaxial flow injection was the most successful. Both the axial and
tion with ambient air at the same flow rate as used in the tempethe circumferential air injection affected the stability limit of the
ture distortion hot air injection was performed. Therefore, the goebmpressor in rather interesting ways.
for the DSP system was to get back to the stability limit line The circumferential air injection showed the greatest recovery
produced by pressure distortion alone. The baseline test with teofi-stability margin at 1.0 lbm/s, while at both 1.6 Ibm/s and at 0.5
perature distortiorfapproximately 4 percent circumferential dis-lbm/s the recovery was less. One might be led to believe that there
tortion, ATc/T, which per the previous discussion, includes press a problem with the data, but careful examination of the physics
sure distortion produced a reduction in surge margin of 10.@ssociated with the flow injection and the impact of the injection
percent with 5.5 percent being due to the pressure distortion, @sthe first rotor of the compressor would indicate otherwise. The
shown in Fig. 10. flow is injected into the flowpath at an angle of 30 deg from the

Under both the temperature and the pressure distortion condiial direction. At the higher flow rates, the initial CFD work
tions, the circumferential injection recovered only a small amoushowed that the jet effect of the injected air could impact the tip of
of the lost surge margin. With 1.6 Ibm/s flow rate through théhe first rotor. This being the case, it is expected that at the highest
flow rate (1.6 Ibm/9, the jet is causing a radial distortion at the
first rotor which starts to cost stability margin.

In the case of the axial air injection, the air is injected toward
the compressor face at an angle of 45 deg from a line tangent to

p \-\“e's@*ﬁ‘v“‘““ T T S I the flow path wall. This imparts a flow vector that is opposite the
N A e = e e ] rerntra e, 1| direction of rotation of the rotor, therefore causing counterswirl to
391 o e ] the first rotor. Counterswirl causes an increase in the incidence
o LT O e 75% Sponiiing: angle(and therefore loadingf the first stage of the compression
g =1 i system. Since the first stage is the stall trigger that initiates surge
L Pl behavior at 75 percent corrected speed, it is not unexpected that
) i il Sheedbined) o e SEDN there would be a loss in stability margin as the injected flow rate
ziqpher) S is increased, since it is imparting a greater and greater amount of
20 \\ counterswirl to the compression system. This is observed in the
2 0 pressure distortion data where, as the injected air flow rate in-
26 } creased from 0.2 Ibm/s to 0.4 Ibm/s, the stability margin dropped.
55 186 157 155 189 16 1 162 183 o4 15 16 €7 10 89 1 71 72 13 74 175 There are some rather unique observations that can be made by
Compressor Corrected Flow, lom/se examining the temperaturt@nd by system design pressuris-
tortion data. This time, the circumferential air injection hardly had
Fig. 10 Effect of temperature distortion generated by hot air any effect at all. This is probably because the constant circumfer-
injection on compression system stability ential injection did not affect the maldistributed temperature pro-
12 / Vol. 123, JANUARY 2001 Transactions of the ASME
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file since the injected air was all at a constant temperature. In theA semi-passive distortion suppression with either an axial or
case of the axial air injection, however, the injected air is naircumferential hole pattern requires a flow control valve to de-
uniform in the circumferential direction and therefore has a diretiver the flow being injected into the inlet duct. Since the pressure
effect on the high-temperature region into which it is injecting @& the plenum must be higher than the pressure in the inlet duct,
cooler flow. There is some question as to the exact flow physipsessurized air is required to supply the DSP. This pressurized air
occurring here. In the case of pressure distortion alone, raising thes to come from either a compressor bleed port or some kind of
injected flow rate caused a decrease in the stability margin of teeternal pump. In addition, this pressurized air may have to be
compressor. For the temperature and pressure combined distmoeled before it is injected at the inlet to reduce the possible
tion, the axial air injection brought the stability limit line almostdegradation caused by the temperature distortion effects.
all the way back to the stability limit line for the pressure-alone The compressor design parameters and the loading distribution
case. of the compression system must be carefully considered in the
A significant and major difference between the pressure-alodesign of a DSP, along with the compressor sensitivity to swirl
distortion case and the temperature distortion case with axial aind to radial distortion. CFD studies are critical for these consid-
injection is that the stability margin increased with increased irrations. In addition, the speed of the compressor will have an
jected flow rate under temperature distortion conditions, but deffect on how beneficial a DSP will be, since the stability limiting
creased under pressure distortion conditions. One could questitage of the compression system is a function of the speed.
whether under the temperature distortion conditiombere there ~ While these tests have shown that there is a potential to modify
is also a pressure distortion due to the air injedtiaghe increase compressor inlet distortion through air injection, they have also
in stability margin with increasing injected flow rate is due t®hown that there are special concerns that must be addressed dur-
affecting the pressure or the temperature distortion. It is the beliefy the design of the injection system.
of the authors that since the temperature distor@fhdeg extent,
high-temperature regigris convected with the flow and the axial
air is being injected directly into this region, most of the benefit chcknowledgments
the axial air injection under temperature distortion conditions

h : ; ) Scientific Monitoring, Inc., is grateful to the U.S. Army Avia-
comes from affecting the temperature distortion profile, not the, Applied Technology DirectoratéAATD) for providing fi-

pressure profile. This is further supported by the pressure distatia| support and encouragement during the course of this
tion alone data where increasing flow rate decreased the stabi %ject.

margin. SMI would also like to thank Honeywell International for many
Conclusions valqable disqussions and for its support of the T55 compressor rig
testing. Particularly, we would like to acknowledge the support

A prototype of the Distortion Suppression Plen@SP with  from Dr. Arun Sehranow with NASA Glenn Research Center
two different hole patterns was designed and built. The prototypr. John Dodge, Mr. Jim Sublett, Mr. Mike Holbrook, and Mr.
was then tested on a Honeywell T55 compressor rig, under batbhn White.
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Flow injection through circumferential holes was marginallynodeling, and test support.
effective for surge margin recovery under inlet distortion condi-
tions. Proper tuning of the injection flow rate for a given operating
condition may be needed to optimize the recovery of stabilifeferences
margin. Too much injection can lead to the formation of radial (1] jaw, L. ., et al., 1999, “A High-Response High-Gain Actuator for Active
distortion, limiting the effectiveness of the DSP. Flow Control,” Paper No. AIAA 99-2128.

Flow injection through axial holes exhibited better capability in [2] _Epiteigl A. HH_E‘t a!;vAllgAig’J“APCtivels_UDPfeNSSif;n of A;gidénlalmic Instabilities
S’Fablht_y margin recovery, boj[h fof pressur_e_ and for temperatqr%] gaytjrl.?]Tan;)g?S“‘Active Sﬁp;;?epsusi;gr%f R%tat’inpg;).Stall and éurge in Axial
distortion. Under pressure distortion conditions, too much axial = compressors,” ASME J. Turbomach.15, pp. 40—47.
flow injection may cause counterswirl in the inlet, reducing the [4] Cousins, W. T., 1997, “The Dynamics of Stall and Surge Behavior in Axial-
effectiveness of the DSP. Centrifugal Compressors,” Ph.D. Dissertation, Virginia Polytechnic Institute

. . . . . . . _ and State University, Blacksburg, VA.
Axial flow injection into a temperature distortion field can re [5] Cousins, W. T., et al., 1995, “Surge and Stall Characteristics of AxialCen-

duce the circumferential tgmperature variation, thereby limiting trifugal Compressors: The Enhancement to Engine Stability,” presented at the
the effect on the compression system. AGARD Symposium on Loss Mechanisms in Turbomachinery, Derby, UK.
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Compressor Stability
remetn L. sucer | ENNANCEMent Using Discrete

NASA Glenn Research Center, = = =
Cleveland, OH 44135 Tlp InlBCtlon
Michael D. Hathawav Mass injection upstream of the tip of a high-speed axial compressor rotor is a stability
US Army Vehicle Technology Directorate, enhancement approach known to be effective in suppressing stall in tip-critical rotors.
Cleveland, OH 44135 This process is examined in a transonic axial compressor rotor through experiments and
time-averaged Navier-Stokes CFD simulations. Measurements and simulations for dis-
crete injection are presented for a range of injection rates and distributions of injectors
Scott A. Thorp around the annulus. The simulations indicate that tip injection increases stability by
unloading the rotor tip and that increasing injection velocity improves the effectiveness of
An[hony J. Strazisar tip injection. For the tested rotor, experimental results demonstrate that at 70 percent
speed the stalling flow coefficient can be reduced by 30 percent using an injected mass-
Michelle B. Bright flow equivalent to 1 percent of the annulus flow. At design speed, the stalling flow coef-
ficient was reduced by 6 percent using an injected massflow equivalent to 2 percent of the
NASA Glenn Research Center, annulus flow. The experiments show that stability enhancement is related to the mass-
Cleveland, OH 44135 averaged axial velocity at the tip. For a given injected massflow, the mass-averaged axial
velocity at the tip is increased by injecting flow over discrete portions of the circumfer-
ence as opposed to full-annular injection. The implications of these results on the design
of recirculating casing treatments and other methods to enhance stability will be
discussed.[DOI: 10.1115/1.1330272
Introduction is due in large part to steady injection. Koch and Srhit8] and

ee and Greitzef14] have also shown that steady injection in an

Aerodynamic stability is a fundamental limit in the compressoL } S - .
X ropriate location increases compressor stability. These previ-

design process. Developm_en-t of robust techniques for |ncreasgﬁ£ investigations of steady injection form the motivation for the
stability has several benefits: enabling higher loading and few Jesent work

blades; increasing safety thrqughout a mission; inc_reasing tol " the work' of Weigl and in the present effort, the injected flow
ance to s'tage mlsmatch.durlng part-speed operation and Spﬁ’l‘,eéLpplied from an external source. In actual application, this flow
transients; af‘o.' opportunity to matc_h stages at the COMPresRiuld be bled from the rear of the compressor and recirculated to
maximum efficiency point thu_s reduc_lng fuel burn. . the rotor being controlled11]. Since bleed extraction incurs a

. ; ; Oéycle penalty because work has been done on the bled air, there is
sisted of some form of casing treatmét-3| such as C"C“”T'fef? a strong driver to minimize the amount of recirculation required
Bt a given extension in stable operating range. The present inves-

have focused on employing active control methodologies such t?&ation therefore addresses the following issues:

pitching inlet guide vane$4,5], unsteady axisymmetric down-
stream bleed6], unsteady upstream midspan injectipf], and
unsteady upstream tip injectigB—11]. These methodologies are
effective on compression systems in which stall is precipitated
through modal pressure disturbandd®]. Actively controlling

some aspect of the compressor flow fiéddg., flow angle, total 1.8 T T T T T T |
pressurgto reduce or delay the growth rate of these disturbanc Mi‘oﬂ,ﬂ"w“ i
has been demonstrated to be effective in extending the stable M»n L a “
erating range of compressors. 1.4 o

Weigl and Spakovszky controlled stall in a single-stage trai __,;_—F'__'.'---"i;n-ﬁ“ x,--*"&-““ |
sonic axial compressor through feedback control of the flow ra mﬁi’.‘.’- ,.-f"'d
through 12 injectors uniformly spaced around the compressor ¢ « 1.2 T P o —I
nulus upstream of the rotor tip. Since the control valve for eac |
injector was commanded to either open or close relative to a me ]
position, the injection consisted of a steady component with ol W1 8 .
superimposed unsteady component. Weigl's results are sumr O Baseline, no Injection | & |
rized in Fig. 1. The total massflow is the sum of the compress
annulus flow and the injected floviRg is the tip static pressure o] | Sieoay inkction | |
downstream of the rotor, arfl, is the total pressure far upstream ¢ Controlled —I
of the injectors. The data shown in Fig. 1 were acquired with unsteady injection i
steady injection rate equal to 3.5 percent of the design spe o.& : L L L L L !

choke flow. The results show that the total stability enhanceme 8 10 12 14 16 18 20 22
Total massflow (kg/sec)

Contributed by the International Gas Turbine Institute and presented at the 45th oo
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, G&d. 1 Impact of steady and controlled unsteady tip injection
many, May 8—11, 2000. Manuscript received by the International Gas Turbine Ins@in the stability limit of a transonic axial compressor stage as
tute February 2000. Paper No. 2000-GT-650. Review Chair: D. Ballal. measured by [8]
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« How does steady tip injection increase compressor stability2locity assumption confirmed this. Therefore, all of the experi-
* How does one maximize the stability increase for a givemental data analysis presented herein uses the slug flow velocity
level of injected flow? assumption with an effective injector width that is 75 percent of

. . . ... the geometric width.
Time-average CFD simulations that employ a mass-injection 5y era|| performance measurements are reported in terms of

model to simulate tip injectors were conducted to study the flujtli ) 4, static pressure ratio based on casing static pressures mea-
mechanic processes through which tip injection increases Stab"@(;red at 12 points around the annulus at 125 percent of rotor
Using guidance from the CFD results, a parametric study of t

o . . #hord. The injector exit static pressure closely matches the com-

Injection on a transonic axial compressor was then performed E’essor casing static pressure upstream of the rotor as long as the

ing the injection system previously used by Weigl and Spalgia ior exit flow is below its choking flow rate. All measurements

ovszky. Injection parameters that were varied include the numbet, e herein are therefore obtained with the injectors operating

and distribution of injectors around the annulus, and the injectggdqy their choke point. Compressor massflow is measured with a

flow momentum and velocity. calibrated orifice plate located far upstream of the compressor

inlet plenum. Both the inlet massflow to the compressor and the

Test Compressor and Measurements injector massflow are corrected to standard day conditions. The
Measurements were acquired in the NASA Glenn single-stagem of these corrected massflows is the total massflow rate

axial-flow compressor facility. The rotor tested, designated NAS#rough the rotor. Measurement uncertainties are: massflow 0.11

Rotor 35, has 36 blades, an inlet tip radius of 25.4 cm, a hub—#g/s and pressure 0.10 N/ém

radius ratio of 0.70, an aspect ratio of 1.19, a tip solidity of 1.3,

and an axial chord of 2.72 cm at the tip and 4.12 cm at the hub.

The compressor was designed for axial inlet flow, and inlet rela-

tive Mach number is 1.48 at the tip at the design speed. The rofdumerical Analysis

tip clearance at design speed is 0.86 percent of tip chord. The]-he Average Passage cod&PNASA) developed by Adam-
compressor aerodynamic design and blade coordinates Werecrﬁ;k [17] is used for all CFD simulations. APNASA is a three-
ported by Reid and MoorgLS]. o dimensional time-averaged Navier—Stokes code developed for
Casing-mounted injectors, shown in Fig. 2, are located 55 m ultistage compressor analysis. The simulations are performed
(200 percent of rotor tip axial chordipstream of the rotor. The \is two “blade rows,” wherein one blade row simulates the
injectors are designed to generate a jet along the casing UPSrediBy flow field and th;e other blade row simulates the injectors.
of the rotor| 16]. Each injector penetrates 5.1 mifipercent span o hoqy forces from one blade row are imposed on the other
from the casing into the flow field and is 57 mm witlE28 per- blade row and updated after every 100 iterations.
cent rotor pitch, 12.9 deg of arc along the casinthe injected “rpo mesh used is 147 axiebl radiak4l tangential nodes
flow is aligned with the inlet annulus flow in the downstream axia} i, three cells in the rotor tip clearance gap. The rotor and in-
_dl_rectlon to minimize mixing between the annulus flow an_d th ctor meshes are identical axially and radially. The injector mesh
injected flow. The injectors are connected to a torus that is SYps circymferentially uniform spacing with the spacing set to give
plied with air at ambient temperature from an external Sourcgg qo|is across the circumferential extent of the injector face.

During active stall control, the flow rate of each injector is CONrpere are 14 cells across the radial extent of the injector face.
trolled by an electromechanical valve. In the present work, the-l-he version of APNASA used for this investigation includes

ovisions for source terms that are used to model the casing

valve is set to 100 percent open and the injector flow rate
adjusted by changing the torus supply pressure. The injector %ér)(n?' ctors, Turner and Saefii8]. The source terms are set to pro-
the measured massflow from the injectors distributed uni-

velocity is calculated using a total and a static pressure measu
y over the cell centers covering the injector fdce., assum-

at the exit of one injector at the injector centerline. A uniforrqorml
.ing slug flow). The upstream boundary condition for the flow field

velocity across the injector exit ardalug flow) is assumed. A

survey of the injector exit flow distribution indicated that the eXifs optained from surveys of the total pressure and total tempera-

flow fills only about 75 percent of the injector width and a comg, e gistribution measured upstream of the rotor with zero injec-
tiBn. The downstream hub static pressure is adjusted in steps to

parison between the injector plenum flow rate measured with
venturi flow meter and the flowrate calculated with the slug flolje\e|op a prediction of the rotor operating characteristics for vari-
ous annulus massflow rates.

A Baldwin—Lomax turbulence model is used for all simula-
A-A tions. Convergence is achieved when the axisymmetric flow fields
for both the rotor and injectors remain constant. Typically, 80 to
600 or more updates of the body force ter(isreasing toward
stall) are required for convergence. For operating points that are
not close to stall, the convergence is well behaved. As stall is
approached, the number of separated points in the flow field and
other flow field parameters vary between updates. However, the
simulation approaches a limit cycle in which the peak-to-peak
amplitude of the flow field differences does not grow with increas-
ing number of updates.

Numerical Results

The goal of the simulations is to provide insight into how tip
injection increases the rotor stability in a time-average sense,
rather than to provide a detailed analysis of the unsteady interac-

Section tion between the injectors and the rotor. All simulations are per-
A-A formed for 100 percent of design speed with 12 injectors uni-
formly spaced around the circumference, directed in the
Fig. 2 Scale drawing of a discrete wall injector downstream axial direction. Three configurations are analyzed:
Journal of Turbomachinery JANUARY 2001, Vol. 123 / 15
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Configuration Injected Flow Injector area E A AT ]
, S ool '/‘y/ :
A (baseline) 0 - ; E '( i pomrry ]
B 5% rotor choke flow | full - 3adt: )4 o A M ]
C 5% rotor choke flow | half  ad ) ex e 2 ]
% osaf ]

ConfigurationC is analyzed to assess the impact of injected 3

bod

13

=4
»
b
»
=3

momentum on performance. In this configuration, the injector cir-
cumferential width is halved while holding the total injected

massflow constant. This has the effect of doubling the injector exit 1.00 P o
velocity and momentum, since the momentum from a half-width 2 ossF A
injector in ConfiguratiorC is 2F f
0.92F [
PAC(VE)?=p(Ag/2)(2Ve)?= 2pAg(Ve)? B X
The calculated operating characteristics are shown in Fig. 3, 50“5 3
where the total mass flow is the sum of the inlet corrected mass- ® 3
flow and the injector corrected massflow. APNASA results are °'°°° 4‘ * '05' oe‘ Y o8
consistent with the experimental trends observed by Weklgwn ) * Ditfusion Factor )

in Fig. 1) in that the stalling massflow is reduced with steady

injection. The simulation results for Configurati@nindicate that Fig.4 Comparison of predicted incidence and diffusion factor
the injector effectiveness is sensitive to the momentum and veldtgar the blade tip at the baseline stalling massflow with and
ity of the flow leaving the injectors. Although the injector exit¥thout tip injection

momentum doubles for this case, the circumferentially mass-

averaged momentum increase at the rotor face over the radial

extent of the injectors is only about 20 percent since the 'nJethfff‘ctor relative to the no-injection configuration and therefore al-

occupy pnly a fractl_on of the C|rcumferen<_:e. . . lows the potential for stable operation at massflows below the
The circumferentially mass-averaged diffusion factor and 'ncb'aseline(no injection stall point

dence for Configurationé andB are compared in Fig. 4 over the "g - ise distributions of rotor incidence and diffusion factor at

outer portion of the span at the unlnjectgd stall point. The OPEge stall points for Configuratiorns, B, andC (see points 1, 3, and

I(;]?f cc_)nd|]f|ortls are pc(njlntts 1_ang 2| In F'?' 3. 'It'hg m(l:)lden((j:e aflin Fig. 3 are shown in Fig. 5. The configurations with injection
Ifusion factors are determined along streamtubes based on gy operating at substantially lower massflow rates than the base-

cumferentially mass-averaged conditions evaluated approxmatﬁ configuration, as is evident from the increased incidence and

t2 pFrcen;chorle_Jf?str_ean; a?d (:,iownlstr?aa;mdof the rotor leading "’l:m?usion factors below 90 percent span. At the baseline stalling
railing edges. Diftusion factor IS caiculated as. flow, the lower portion of the blade span is apparently not close to

W AW, stall, since it is now able to operate at a lower massflow rate with
DF=| 1.0- =2+ _9) the aid of rotor tip injection. Hathaway and Strazi§h8] evalu-
W,, 20W,, ated the diffusion factor at the rotor tip as a function of the total
where rotor flow rate for Configurationd, B, andC. They found that the
_ . rotor tip controls stall for all three configurations and that stall
Wi, W, 1, Wy occurs when the rotor tip diffusion factor reaches 0.75. For this

rotor, tip injection reduces the diffusion factor at the tip for a

refer to mass-averaged rotor relative inlet, exit, and tangentilen annulus massflow, therefore allowing further reductions in
velocity, respectively, and- is rotor solidity. The diffusion factor iha gverall massflow.

and incidence are identical below 80 percent of span. In the outer
20 percent of span, tip injection reduces incidence and diffusion

2 100 L B ]
1 1 T T :E 80 N EE— _
2 vl g E
s & : e I =R
a 40F "&71 L m—mc 4 BE
- I E: YT ]
E 2 of. . . .| ik-!:-_éa'z.a.‘__h__._._.___'
O- 140 . 0 5 10 15 20
\\ Incidence, degrees
3 . & N ——— '
w Config. Injected Injector & . ;&-‘; —ui 1 . 1
o flow area | %= g 80 B :
130F o A 0 - 1 § al i 1\, . ]
*—* B 5%  full g T 11 1
m W C 5% hat §aof Z A
1.20 l . ' ' ' 3 of ., e a
16 18 20 29 04 0.5 0.6 0.7 08
Diffusion Factor
Total Mass Flow, kg/sec
Fig.5 Comparison of predicted incidence and diffusion factor
Fig. 3  Predicted design speed rotor performance with and across the blade span at the stalling massflows of Configura-

without tip injection tions A, B, and C (see Fig. 3)
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In summary, the present simulations and those of Hathaway ¢ 1.3 T T T T
Strazisaf19] indicate that:

 Tip injection lowers the incidence and blade loading at th e

tip. 3
 There is a critical tip diffusion factor at which the blade stall: 1.1 2 2%% gg b 1
with or without injection.

. - . . . % &

e For a given injected massflow, injector effectiveness irg® i
creases when the injector exit velocity and momentum a™-. e o 7
increased by reducing injector area. as

09} |-& Buseiine, no injection 100% Spoed [
Experimental Results o :1;;1"“:"" |
«q Ledd-ti )

The compressor casing was machined with penetrations for ~ ®8 | , & injectors 7
injectors located every 30 deg around the annulus. In a previc 2
investigation, we determined that 12 injectors are not needed - *7 I 1 I I J
steady injection to be effective. Therefore in the present inves 6 B 12 15 18 21
gation we used various arrangements of 8, 6, 4, 3, and 2 inject Total massflow (kg/sec)

pointed in the downstream axial direction. For a given number of

injectors, several arrangements around the annulus were testégl. 6 Measured rotor performance at 70 and 100 percent

All injector arrangements are summarized in the appendix. Whepeed with and without tip injection

using fewer than eight injectors, the unused injectors are kept in

_th_e flow path. This practice keeps the_ total metal blockage of “fi%n, and at a lower massflow achievable only with injection.
injectors constant across the test matrix, so that changes in staliﬂgese operating conditions are identified as points 1, 2, and 3 in
flow between injector configurations are not due to varying met,e_\g_ 6. The flow through the injectors was maximizezhoked

blockage.l The baselin(ajo injgctio.r) cqn;tant-speed Operatinginjectors for this exercise, resulting in an injected flow of ap-
characteristics are acquired with eight injectors in the flowpathmeimatmy 2.8 percent of the annulus flow.

Previous injection investigations also indicated that in a full- tpe piade l0ading at operating conditions 1 and 2 is presented
stage configuration, stall was triggered in some cases by the Staforiq 7(a) in terms of the diffusion factor. The swirl induced
ﬁmbab_:_y duelto efXﬁesilve tf.tlf"“mf'r."%'de.“ce angldes at rl]ow Magdstream of the rotor by the circumferentially nonuniform axial

olei_s. o epr?re ully Itdeha ility 0 '_”J%Ct'%r_‘ to re uceft ﬁ stagQelocity created by the injectors is ignored in calculating the dif-
stalling massflow would have required adjustment of the statgfsiq “factor, since the CFD simulations indicate that the swirl
setting .angle as the injection level was varleq. Since the StaHHgle is on the order of 2 deg. For the no-injection case, the
vanes in Stage 35 were not manufactured with vane actualifgjon factor reaches a maximum near 90 percent span, which
capability, we removed the stator for the present |nvest|gat|oirp|,]p”eS the compressor is tip critical. The blade loading in the

2;1%2;(1ﬁirigglgilorr?easurements reported herein with the rotor Qpiiniacted half of the annulus is nearly identical to the blade load-
; ) . ing with no injection, where the slight difference in the tip is
'I(;hehearl_ler \l/vo_rk of Weigl %t ?]I[S],_ Spakovszk); et aI[aQ,l(_)],h attributed to the inherent decrease in loading at the higher mass

and the simulations reported herein were performed with the,\ of operating condition 2. In the injected half of the annulus it

original NASA Rotor 35 blading. However, all results presentegl o1 that injection reduces the blade loading at the tip.

below are for a modified version of Rotor 35 that was being used o comparison of the blade loading at operating conditions 1

in a concurrent investigation of compressor blade refurbishmegty 3 s presented in Fig.(h). As the annulus flow is reduced

techniques. The leading edge of every other blade was cut backy,, the no-injection stalling flow, the blade loading in both the

5 percent of chord and refinished with an elliptic leading €dggyiected and uninjected regions increases across the span relative
Comparison between limited stability enhancement data collecte

on Rotor 35 prior to its modification and the data reported herein

indicates that the leading edge cutback does not affect the stability
enhancement results. e | ]

Overall Performance Characteristics. The static-to-total a0l ] 9 b lnjetien
pressure ratio characteristics for 70 and 100 percent speed are{a) E- og, :wﬁ_wm!
shown in Fig. 6 for several injector configurations. The total mass- Faof : ul:::u e
flow is once again the sum of the annulus corrected massflow and ad ] " of annulus
the injector corrected massflow. In each case, the injectors are
operating at their maximurtchoking flow rate. The performance oy o
characteristics for the various injector configurations lie on top of
one another, which suggests that the stability enhancement can be 100
quantified merely by the change in the stalling mass flow. We will
concentrate our analysis on data acquired at 70 percent speed an -
then return to 100 percent speed to validate our understanding. g o0 e -

) ) ) ] ) ) ] ﬂﬂ B % 3, Un-injected half

Radial Distribution of Blade Loading. The numerical simu- £ aof ol ina
lations indicate that the stability enhancement results from an un- Wl Tujeumd hn
loading of the rotor tip. To explore this behavior we grouped six .
injectors together so that one half of the circumference included g
injectors spaced 30 deg apart while the other half of the circum- o &

ference had no injectors. We then acquired total pressure, total

temperature, and flow angle surveys downstream of the rotor g Comparison of diffusion factor measured in the in-
two circumferential locations, one in the injected half of the Cifected and uninjected half of the annulus at 70 percent speed:
cumference and one in the uninjected half. The surveys were &gy at operating points 1 and 2 depicted in Fig. 6, and  (b) at
quired near the no-injection stall point with and without tip injeceperating points 1 and 3 depicted in Fig. 6
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to that at the no-injection stalling flow. The loading at the hub i 40 T T T
identical in the injected and uninjected halves of the annulus.
the uninjected region, the blade loading at the tip significantl
exceeds the critical tip diffusion factor exhibited at stall with nc 80
injection. However, the blade loading at the tip in the injecte
region approaches but does not exceed this critical diffusion fe _
tor. This result suggests that the compressor does not stall until & 20
3

critical diffusion factor is exceeded in the injected half of the™,

annulus. o
In summary, tip injection effectively redistributes the bladeZ] 10

loading by decreasing it at the tip and allowing it to increase ov

the remainder of the blade span, thereby extending the stable

erating range for tip critical compressor rotors. These results ¢ g

qualitatively consistent with those from the numerical simulation:

Operating Range Extension. Stall margin is used as a mea-
sure of the stable operating range for installed compressors, an 10
typically defined as either(l) the change in massflow and pres-
sure rise between the operating line and the stall line at a fix (Injected Massflow)/{Annulus Massflow) (%)
rotational speed; of2) the change in pressure rise between the )
operating line and the stall line at a fixed mass flow. However, &1g- 8 ~Range extension measured at 70 percent speed as a
isolated rotor in a compressor rig test does not have an operatlHgetion of injected massflow
line. We therefore choose to quantify changes in stability as the

(] 1 2 3 4

normalized change in stalling flow coefficient, jector spacing as a potential parameter. [D2§] has shown that
compressor stall is preceded by the growth of both long- and
A dsiar= ((Dstan) b= (Psta) ) ( Dstap » short-wavelength pressure perturbations. These disturbances grow

in amplitude as they rotate around the annulus. Therefore, an al-
ternative explanation for the stabilizing influence of the injectors
W that they retard or disrupt the growth of these stall-precursive
H¥rturbations. These perturbations have more time to grow before
they encounter another injector as the number of injectors is re-
_ _ duced. One would therefore expect that injector effectiveness
$=VulUi=ml(pAUy would be reduced once the distance between injectors is increased
where A, is the annulus areanm is the sum of the annulus andbeyond some critical value.
injector massflow rate&corrected to standard-day conditipns
is the density at standard-day conditions, &nhds the corrected
tip speed.

Figure 8 summarizes the stable operating range extension m
sured at 70 percent speed as a function of injected massflow
varying injector numbers. The injected flow is normalized by th
annulus flow at the baselin@o-injection stall point. The results
include data from all of the injector arrangements shown in t
appendix. For the sake of clarity, we will not distinguish betwee
the various injector arrangements for a given number of injectd
at this time. For the 4, 6, and 8 injector configurations the ma
flow was varied from no flow to the injector choking flow. For th
2 and 3 injector cases, the maximum range extension depicte
Fig. 8 corresponds to an injector exit Mach number of 0.8, be<
cause at an injector exit Mach number of 1 it was difficult to
clearly identify stall. The maximum range extension is nearl ' T
identical for the 4, 6, and 8 injector cases. Maximum range exte
sion is achieved with as few as four injectors using a total injecte
mass flow of less than 2 percent of the annulus flow. Adding mo 30
injectors merely increases the amount of injected air without si
nificantly impacting the range extension.

age change in the corrected stalling flow rate of the compres
since

Injector Spacing. Injector spacing effects were first explored
by arranging a given number of injectors around the annulus in
%\_/eral different wayésee appendix A typical result is shown in
g. 9 for four arrangements of six injectors around the annulus.
e injected flow is again normalized by the annulus flow at the
aseline(no-injection stall point. The solid-filled points indicate
@ses in which the stall point was difficult to determine. It is
gvident that for a given injector massflow, the range extension is
ependent of the injector arrangement. We found similar results
groups of 3, 4, and 8 injectors. Only in the case of two injec-
ors does it seem to make a difference whether the injectors are
ated next to one another or separated by 180 deg. Graf et al.
] and Cumpsty{27] have studied the effects of asymmetric

20
Injection Parameters Controlling Range Extension. To ex-

plain the results shown in Fig. 8, it is useful to consider the impa
of injector momentum, exit velocity, and spacing on range exted] 10
sion. One might suspect that the injected momentum is the cc
trolling parameter affecting range extension in that a jet of higt
momentum fluid will energize the low-momentum flow resulting 0
from the endwall boundary layer and tip leakage vortex, thus r
ducing blockage. High endwall blockage has been attributed a:

9., 0

cause of stall by several investigat¢20—24. An equally valid -10 \ .

argument could be made for the injection velocity being the col 0 1 2 3
trolling parameter, since the high-velocity jet from the injector cted Massflow)/(Annulus Massflow) (%

will reduce the blade incidence and therefore reduce the blade (njecte ow)/ e ) (el
loading. Fig. 9 Range extension measured at 70 percent speed as a

The arguments given above are based on steady-flow effegimction of injected massflow for various arrangements of six
Consideration of unsteady flow effects leads one to consider injectors around the annulus
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inlet flows on compressor performance using nonuniform tip Table 1 Summary of injection parameters
clearance and discrete casing treatment, respectively. In bfy

cases, they found that the magnitude of changes in the compre{ Parameter CaseA | CaseB | CaseC | CaseD
performance was related to the circumferential wavelerigéh, No. of Injectors 4 8 8 8
the reduced frequengypf the asymmetry. The results shown her{ Total Injected Massflow | 4 m 4m 8m 4m

represent asymmetries with wavelengths ranging from one cy{— = Tnjected

per rev(six injectors grouped togetheto six cycles per reysix 4 my 2mv 8 my 4 my

L . ? . Momentum

injectors even!y spac_édlvlth no difference in compressor pe(for- Massflow per Injector o Vam o T
mance for a given injected massflow. We have no explanation Momenturn per Iniector Y v
the discrepancy between our results and those of Graf : P ¢ my amy | my 2 my
Cumpsty. Injector Exit Velocity Va L2 AN Va Va

A second issue related to injector spacing is the observation
from Fig. 8 that the maximum range extension achievable with

choked injectors begins to roll off for the cases with fewer thaghere A, andV, are the injector area and exit velocity, respec-

four injectors. This may be an effect of the reduced circumferefyely. Using the velocity and area relationships defined below, we
tial coverage as the number of injectors is reduced or could Bgive at the results shown in Table 1.

merely due to a decrease in total injected flow. We explored this
issue by doubling the number of injectors while reducing the irvB: %VA total injected massflow foB and A is the sameB

jector height by half so that the total injected massflow and injec- has twice as many injectors #s

tor exit velocity remained constant. For example, the total injectad- =V, total injected massflow fo€ is twice that forA, C
massflow and relative exit velocity of eight half-height injectors has twice as many injectors as

are the same as that of four full-height injectors. A comparisoip =V, total injected mass flow fob andA is the samep
between half-height and full-height injectors is presented in Fig. has twice as many injectors Asinjector areas fob
10, where the data points for the full-height and half-height cases andA are related byAp= %AA

are denoted by solid and open symbols, respectively. We see that

eight half-height injectors provide the same maximum range ex-We will now examine each of the injection parameters in Table
tension as four full-height injectors. However, four and six halfi. Recall from Fig. 10 that casés C, andD have the same range
height injectors provide a greater maximum range extension thextension while casB has substantially less range extension.
two and three full-height injectors. These results suggest that theTotal Injected Massflow:

reduction in range extension with less than four full height injeg- ﬁompare cased B. D: same total flow with much reduced

tors, as shown in Fig. 8, is not due to a decrease in total injec ge extension for cag

flow, but rather is linked to the circumferential coverage and spac- o ) ]
ing of the injectors. .. Total injected massflow is not correlated to range extension

Injector Mass, Momentum, and VelocityTo explore the role  1°tal Injected Momentum:

of mass, momentum, and exit velocity in extending stable operatCompare caseA, C: C has twice the momentum & and the
ing range, we will consider the four injector configurations labelesame range extension

A, B, C, andD in Fig. 10. The velocity, massflow, and momentum, Total momentum is not correlated to range extension
per injector are all coupled for the full-height injector cage®8,

andC: changing one of these parameters changes all three. Casiassflow per Injector:

D, which features eight half-height injectors, allows us to changecompare CaseB, D: same massflow per injector with much
the injector massflow and momentum while holding the injectqeduced range extension for caBe

exit velocity equal to that of Cask Taking CaseA as the “base- - . .
line,” we define the massflow and momentum per injector for Massflow per injector is not correlated to range extension
CaseA as Momentum per Injector:

m=pA,V, and mo=pAx(V,)?, e Compare caseA, D: D has half the momentum per injector Af
and the same range extension

.. Momentum per injector is not correlated to range extension
Injector Exit Velocity:

40 T T T
« Compare cases, C, D: same injector exit velocity with the
same range extension
80} 1« Compare cases, C, D to B: B has lower injector exit velocity
with less range extension
F20, ] Inje_ctor exit velocity is possibly correlated to range
5 extension
&° To verify that the injector exit velocity is correlated to range
<J1op - extension, the data shown in Fig. 10 are analyzed in terms of the
axial velocity mass-averaged over the outer 6 percent of the an-
nulus height(i.e., the radial extent of the injectorsThe mass-
0 - averaged axial velocity is defined as
—  [pi(N*W*VP) + pe(7D — N*W)* V2]
10, I 2 s A 2= o (NFWFV) + po( 7D — NFW)* V]
(Injected Massflow)/(Annulus Massflow) (%) whereN is the number of injectord)V is the injector width, and®
is the annulus diameteX,; and p; are the injected flow velocity
Fig. 10 Range extension measured at 70 percent speed for and density, respectively, at the injector exit, andand p. are
half-height and full-height injectors the annulus flow velocity and density at 97 percent sghe
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Fig. 11 Range extension measured at 70 percent speed as a Fig. 12 Range extension measured at 100 percent speed as a
function of mass-averaged axial velocity over the outer 6 per- function of mass-averaged axial velocity over the outer 6 per-
cent span normalized by the tip speed cent span normalized by the tip speed

center of the injector heightWhile this analysis neglects mixing APPlications
between the injected flow and the annulus flow, our aim here is toSteady tip injection has been demonstrated to be an effective
use the simplest analysis possible to assess the correlation ieans of extending the stable operating range of a tip critical
tween the axial velocity at the tip and the range extension. Tleempressor. The range extension reported herein is for a rotor
mass averaging acknowledges the fact that as the number of dperating in isolation. Tip injection redistributes the rotor loading
jectors is decreased, the rotor spends less time in the high-veloGityoss the span, which in turn impacts the loading distribution on
jet located downstream of an injector. Results for both full-heighite downstream stator. Therefore, it is conceivable that stall could
and half-height configurations, shown in Fig. 11, confirm that stéaitiate in the stator, and that without variable stator geometry, the
bility enhancement is directly related to the increase in the masaaximum range extension in a stage would be reduced compared
averaged axial velocity at the rotor tip. The increased axial velots that of a rotor in isolation. In a multistage configuration, range
ity reduces incidence, unloads the rotor tip, and acts to reduce #haension could also be reduced due to stage matching
buildup of blockage at the rotor tip. Since this rotor is tip criticalconsiderations.
all of these effects allow increased loading before the blade stallsin a multistage compressor, the injected air required to stabilize
enabling a reduction in the stalling massflow. a given stage would be supplied by bleed from a downstream
tage. In order to minimize the penalty in cycle efficiency incurred
extracting bleed air for injection, one could use a shut-off valve
e recirculation line, which would only enable injection “on-
and” during those times when increased stability is needed.
have shown that injector effectiveness is maximized when the
ctor is choked. Assuming no losses in the recirculation system,
this choking condition requires that the bleed static pressure be
a?&l]ghly twice the static pressure at the injection location. The
ﬁ1jected air will be heated when it is supplied by recirculation
from a downstream stage. For a given corrected massflow of
ated air, the increase in mass-averaged axial vel(@uity there-
fOre the range extensipmbtained with choked injectors will be
the change in stalling flow coefficient, at 100 percent speed is 3I Vve_r than that obtained _in the present _w_ork with air_injected at
’ bient temperature. This reduction in injector effectiveness oc-

6.4, and 7.3 percent for injection massflows Of.1:3‘ 1.9, and_2c rs because the density of the injected air is reduced in direct
percent of the annulus flow rate. The reduced injector effectlvg

Design Speed Results. Stability enhancement at 100 percen
speed was investigated using 2, 3, 4, 6, and 8 injectors. The res
are similar in character to those shown in Fig. 8 for 70 perceq
speed. However, no measurable range extension was achie\\/\?
with fewer than four injectors. The range extension measurediﬁjte
design speed as a function ¥#f is shown in Fig. 12. The results
verify that range extension is correlated to the increase in ma
averaged axial velocity/, near the blade tip at design speed
well as at 70 percent speed.

The maximum range extension obtained at design speed is
nificantly lower than that measured at 70 percent speed. With 4,
and 8 injectors, the maximum range extension, characterized

ness at design speed can be explained as follows. The cho roportion to the temperature while the velocity increases by the

locity of the iniector is fixed and ind dent of are root of the temperature.
velocity ot the Injector 1S ixed and independent of COMPreSSOryye il now consider three applications for tip injection in

speed. For a given number of choked injectdfg,is reduced at compressors(1) recovery from fully developed stall?) stage

increased compressor speeds due to the increased core veIoFrl| ; ; i e ; ;
. S : tching at part-speed operating conditions; e8)decirculatin
V.. Since the range extension is a function of the mass-averagex ing t?eatrﬁent P P g @ 9

velocity V,, it follows that the range extension will be reduced as
well. Since the injectors are choked at the point of maximum Stall Recovery. We now consider whether steady injection
range extension, the only way to increaggis to add more in- can be used to recover from stall as an alternative to standard stall
jectors. In summary, the experimental results indicate that inject@covery schemes such as vane actuation, bleed, or throttle open-
effectiveness is: ing. The following stall recovery tests were performed at both 70

. . . . and 100 percent speed:
» Correlated with the increase in mass-averaged axial velocity P P

at the tip, which is maximized when the injectors are choked. 1 With the injectors turned off, the compressor was throttled
 Independent of the injector arrangement around the annuiaso stall, and the injectors were then activated with no change in
provided there are three or more injectors. throttle setting.
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Fig. 13  Unsteady compressor operating point at design
speed during stall inception and stall recovery with tip injec- Fig. 14  Part-speed performance characteristics of a two-
tion. Blue: stall inception; gray: fully developed stall; red: stall stage high-speed fan with and without tip injection. Solid sym-
recovery with tip injection. bols: nominal IGV schedule with no tip injection; open sym-

bols: IGV fixed at 0 deg (axial) with tip injection.

2 With the injectors turned on, the compressor was throttled to
a massflow below the noninjected stall point. With no change
throttle setting, the injectors were turned off, resulting in compre
sor stall, and then were turned back on.

o-stage low-aspect-ratio fan. The fan has a design tip speed of
90 m/s and features a variable IGV and first-stage stator for stage
matching at part-speed conditions. Design details are given by
Manwaring et al[28]. Fourteen injectors were arranged around
In each case, the compressor recovered from stall at a fixéh@ circumference in a spool piece inserted between the IGV and
throttle setting with the aid of tip injection. The unsteady operafirst rotor. Injected air was supplied from an external source, the
ing characteristic of the rotor was measured using high-responsgctors were operated in their choked condition at a total flow
pressure sensors located upstream and downstream of the roate equal to 2—3 percent of the annulus flow, and the first-stage
during these tests. The sensors were low-pass filtered at 1 kHz atator was fixed at its design-speed setting angle. At part speed,
sampled at 3 kHz. The unsteady compressor inlet massflow whs compressor stalls when the IGV is opened from its nominal
determined from a total pressure measured at midspan upstresgtiing to the axia(lGV=0 deg settingdirection with air injec-
of the injectorq7.5 chords upstream of the rot@nd a wall static tion turned off.
pressure measured at the same axial location. The unsteady totaBverall total-to-static pressure ratio characteristics for part-
to-static pressure ratio was determined using a wall static pressspeed operation are shown in Fig. 14, where the total massflow is
measured downstream of the rotor and the upstream midspan totimalized by the design-point flow. Pressure ratio characteristics
pressure. for the nominal IGV schedule with no air injection are denoted by
The results of a stall recovery test of type 1 listed above avlid symbols. Pressure ratio characteristics measured with the
design speed are shown in Fig. 13, where the unsteady presd@¥ fixed at its full-open positio0 deg with air injection are
and massflow are superimposed on the steady operating chadesioted by open symbols. The results show that air injection en-
teristic. Four injectors were used with a total injected massflombled the nominal surge line to be met or exceeded without the
equal to 1.3 percent of the annulus flow. The blue trace denotesed for variable geometry.
the operating point during the beginning of throttle closure and the . . . .
initialpdrop igtg stall. Thgj gray tr%ces genote the operating poi ¢ Casing Treatment. Recirculating casing treatmenf9,3Q

during an additional throttle closure that occurred over the neRgVe Séveral disadvantages: They are geometrically complex; they

1200 rotor revolutions. The dashed red trace denotes the recovr&;zrculate flow several times through the rotor tip region raising

from stall that occurred during 90 rotor revolutions after the inca>¢ temperatures and reducing efficiency; they are difficult to

jectors were activated by opening a fast-acting valve, which préggactivate during those parts of a mission for which augmented

surized the injector supply torus. Tip injection not only recovera2pility is not required. Most importantly, these treatments fea-
i an annular intake over the rear of the rotor and an annular

the_compressor from s_tall, but also restores the compressor tOel';(< aust upstream of the rotor tip. The present results indicate that
pre-stall level of pumping. h . )
further improvement in stable operating range would be expected

Stage Matching. Variable geometry vanes are typically usedf the recirculated fluid were injected through discrete rather than
in the front stages of multistage compressors to control blafidl-annular slots, thus raising its velocity.
loading during part-speed operation. The required vane actuatio'We have demonstrated that significant range extension can be
mechanisms are complex and costly to produce and maintain. \Ahieved using only four injectors spaced randomly about the cir-
therefore explored whether discrete tip injection can be used asamference injecting less than 1 percent of the annulus flow.
alternative to variable geometry for stabilizing a multistage conFherefore, it is reasonable to consider a “discrete casing treat-
pressor at part speed. Employing tip injection in a turbofan engimgent” consisting of a recirculating system that would bleed high-
may be practical since the engine spends only a small percentagessure air from the rear of a blade and use it to supply discrete
of its operating time at low speed. However, for compressors thafectors upstream of the blade. By bleeding and injecting from
operate at part speed for extended periods of time, tip injectidifferent portions of the circumference, multiple recirculation of
will not be a viable alternative to variable geometry from an aerdluid can be avoided. With a shut-off valve in the recirculation
dynamic performance perspective, due to the efficiency penaliye, this treatment can be turned off when not required, eliminat-
incurred using tip injection. ing its inherent efficiency penalty. Such a treatment can also be

An initial demonstration of this concept was performed on activated “on-demand” to recover from a fully developed stall.
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Future Work. Herein we have demonstrated the effective- « Range extension is correlated with the increase in mass-
ness of tip injection to enhance stability in a single-stage transorgeeraged axial velocity at the tip due to injection. Maximum range
compressor using an external air supply. Stability enhancementension is achieved when the injectors are choked.
and stall recovery would be more difficult in a multistage com- ¢ Range extension is related to the total circumferential extent
pressor where stage loading and therefore the stalling stage vadgjection but is not related to the circumferential arrangement
with operating condition. Our experiences using tip injection iof injection locations.
multistage compressofsot reportedl indicate that injection in a
given blade row also impacts the performance of downstream
blade rows. Based on these experiences and the results presente
by Freeman et a[11], we believe that incorporating injection in
an inlet and middle stage would be sufficient to enhance stability
in a multistage compressor. In addition, cycle and mission analy-
sis studies need to be performed (b} assess the efficiency pen-
alty incurred by extracting air from downstream blade rows and
re-injecting at upstream blade rows, a@ylevaluate the trade-offs
for using air injection(efficiency penalty as a replacement for « For a given injected massflow, injection effectiveness is
variable geometryadded mechanical complexity and weighth  maximized by reducing the number of injectors in order to in-
addition, the true benefits of using tip injection cannot be assessgéase the injector exit flow velocity. This result implies that re-
until a compressor design incorporates the impact of tip injectigfirculating casing treatments, which inject air along the full com-
on stage matching. Clearly, there is more work to be done befg§gessor annulus, would be more effective if the recirculated air

injection can be applied to inservice compressors. However, Wre to be injected over a smaller area at a higher velocity.
and otherd7,11,31,9,10,8have demonstrated there are substan-

tial benefits to using injection in compression systems.

« For a fixed number of injectors, a sixfold change in re-
d duced frequency yields the same range extension.

* When the number of injectors used is reduced, the ability
to increase the mass-averaged axial velocity at the tip be-
gins to diminish due to the reduced circumferential extent
of the injection. For a given injected massflow, the axial
velocity and range extension can be further increased by
using more injectors with a reduced exit area.
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o . _ Appendix

« Tip injection decreases incidence and blade loading at the tip,

allowing increased loading at lower blade spans before the bladeCircumferential Arrangement of Injectors. The compres-
stalls. With tip injection present, the blade stalls when the loadirspr case was designed with penetrations for injectors spaced every
at the tip reaches the level equal to that for which the blade stall® deg around the annulus. The table below shows the circumfer-

with no injection. ential arrangements investigated for each number of injedtbrs,
N Injector circumferential location, degrees
0 [30 160 [90 TJ120 J150 [180 [210 [240 [270 [300 [330

1/rev Injector Configurations

8 X X X X X X X X

6 X X X X X X

4 X X X X

3 X X X

2 X X

1 X
2/rev Injector Configurations

8 X X X X X X X X

6 X X X X X X

4 X X X X

2 X X
3/rev Injector Configurations

6 X X X X X X

3 X X X
4/rev Injector Configurations

8 X X X X X X X X

4 X X X X
6/rev Injector Configuration

6  [x ] [x | [x | Ix [ Ix ] [x |
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Comparative Studies on Short and
Long Length-Scale Stall Cell
Propagating in an Axial

m.moe § Gompressor Rotor

M. Kuroumaru
In a low-speed compressor test rig at Kyushu University, multiple short length-scale stall

T. Tanino cells appeared under a mild stall condition and turned into a long length-scale cell under
. a deep stall condition. Then, for the two types of stall cell, the pressure distribution on the
S. Yoshida casing wall and the velocity distributions upstream and downstream of the rotor have
been measured by high-response pressure transducers and a slanted hot-wire, respec-
M. Furukawa tively. The time-dependent ensemble-averages of these distributions have been obtained
phase-locked to both the rotor and the stall cell rotation using a “double phase-locked
Department of Energy averaging technique” developed by the authors. The structures of the two stall cells are
and Mechanical Engineering, compared: The short length-scale stall cell is characterized by a concentrated vortex
Kyushu University, spanning from the casing wall ahead of the rotor to the blade suction surface. In the long
Fukuoka, Japan length-scale stall cell, the separation vortices go upstream irregularly when blade sepa-

ration develops in the front half of the cell, and re-enter the rotor on the hub side in the
rear half of it. The unsteady aerodynamic force and torsional moment acting on the blade
tip section have been evaluated from the time-dependent ensemble-averages of the casing
wall pressure distribution. The force fluctuation due to the short length-scale cells is
somewhat smaller than that for the long length-scale cell. The blade suffers two peaks of
the force during a period of the short length-scale cells passing through it. The moment
fluctuation for the short length-scale cells is considerably larger than that for the long
length-scale cell.[DOI: 10.1115/1.1326085

1 Introduction In this paper, comparative studies between the short length-
scale stall cellSLSO and the long length-scale stall céllLSC)

In ordinary rotating stall in axial compressors, a single or ave been made for a better understanding of the SLSC.
couple of long length-scale stall cells rotate at 30 to 50 percent 0

rotor speed. Occasionally, however, many short length-scale stsll Experimental Facility and Instrumentation
cells happen to appear before the compressor falls into deep stall.
One cell covers only a couple of blades. They appear at intervalsThe measurements reported herein were performed in a low-
of 4.5 to 5 times a blade spacing. They rotate at 70 to 80 percé&feed research compressor at Kyushu University. A schematic
of rotor speed. view of the test section is shown in Fig. 1. It consists of a test
So far, occurrence of the multiple short length-scale stall celf§tor, an upstream and a downstream stator with the same geom-
has been reported in the low speed compressor testigs €tries, an inlet guide vane row with the same exit flow angle as the
Recently, however, Day et d83] suggested that they could occurfotor, .and an oqtlet guide vane row wlth an axial outlet flow
in a phenomenon designated high-frequency stall inception ¢gndition. The diameter, the hubftip ratio, the number of blades,
aero-engine type compressors operating at full speed. In a mufind the tip c_Iearance of the rotor are 449 mm, 0_.7, 24, and 0.5
stage compressor under a mismatched condition, they exist only'#J"» respectively. The two stators have 22 cantilevered blades
a stage and do little harm to the overall performance, since thih tip clearance of 0.5 mm. The compressor stage is designed

pressure drop of the stage is smil. Therefore, compressors or a constant whirl angle of absolute flow at the rotor irfgator

might be operated without knowing the occurrence of them. Thef¥i0 _a_nd _0'5 reaction at th‘? mid span. The_ details for the design
cifications and the bladings are shown in Inoue €#l.

seems to be a practical need for a better understanding of h f ) | d for th binati f th
multiple short length-scale stall cells because it is feared that e stage performance Is evaluated for the combination of the
blades might suffer damage from them. rotor and the downstream stator. A reference pressure transducer

In a low-speed compressor test rig at Kyushu University, tH@ mounted on the casing wall near the rotor leading edge to ob-

multiple short length-scale stall cells appeared under a mild Stgﬁrve inception and evolution of stall cells. The reference pressure

condition and turned into a long length-scale cell under a de Iﬁce for the stall cells is obtained by removing the blade passing
stall condition. Then, the structure of the short length-scale c Fauency through a low-pass filter.

was investigated by a “double phase-locked averagif@PLA)
technique developed by the authors, with which the tim
dependent ensemble-averages of the three-dimensional flow

Surveys of the flow field were made by a single slanted hot-
é{\_/ire at locations 1, 2, and 3 upstream of the rotor and at location
ﬁ Jownstream of the rotor, as shown in Fig. 1. The survey line 1

stream and downstream of the rotor and the pressure distributiond™ 1€ r:adt')'lal dd'“?Ct'l‘.)n 252'6 rr(]jm upstrleam ?f the roltor dlfeadw:jg
on the casing wall were obtained. As a result, a tornado-like vor g€ atthe blade tip, lines 2 and 3 are along the rotor leading edge

) at 14.2 and 8 mm upstream of it, and line 4 is along the rotor
tex model was proposed for the short length-scale stall 42l trailing edge at 8 mm downstream of it. The casing wall pressure

distributions were measured by 14 pressure transdugartte

Contributed by the International Gas Turbine Institute and presented at the 4 _ : ;
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Géﬁts 062, which were mounted on the casing wall to cover the

many, May 8—11, 2000. Manuscript received by the International Gas Turbine Indf1€@suring points from 24.6 mm upstream Of the rotor leading
tute February 2000. Paper No. 2000-GT-425. Review Chair: D. Ballal. edge to 20.4 mm downstream of the rotor trailing edge.
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Fig. 1 Schematic view of test section and measuring locations

(b) deep stall condition

At each fixed location of the hot-wire sensor and the pressuré. 3 Low pass filtered pressure traces near the rotor leading
transducers, the data acquisition was made for 600 circumferenfgge
sampling points per one rotor rotation, during 800 rotations by a
phase-locking sampling system. At the same time, the low-pass
filtered reference pressure was acquired to obtain the reference te/tg=1I(\Z) (1)

position of a stall cell relative to a blade. The DPLA technique . . .
was applied to these data to get the time-dependent average phﬁ’&?—re)‘ is a fraction of the cell speed to the rotor spegdjs the

locked to both the rotor and the cell rotation. That is, these d gmber of cells, antk is a period of rotor rotation. Since the five

were divided into 25 groups corresponding to relative circumfef€!lS rotate at 72.2 percent of the rotor speed in mild stall and a

ential positions of the stall cell in a blade spacing. Thus, condﬁ?gle cell rotates at 29.3 percent of rotor speed in deepl[stall

. . : . tg is 0.277 for the SLSC and 3.41 for the LLSC, respectively.
tional sampling and averaging were made synchronously with the R : = ;

rotor and the cell rotation. Details of the DPLA technique are ~¢cording to the existing reportl—4], the multiple SLSCs
described in Inoue et aJ4]. appear at intervals of 4:55 times a blade spacing and rotate at

70~ 80 percent of rotor speed. Then, for the rotor with the number
of blades beind,,, the following equation will be useful to dis-
criminate the multiple SLSCs in the low-pass filtered pressure

3.1 Characteristics of Test Compressor Stage.Figure 2 trace.
shows the pressure-rise characteristics of the test compressor t/tr~(6~7)IZ, )
stage. When the flow rate is reduced, stall inception of the rotor is
detected in the low-pass filtered reference pressure trace at poin8.3 Flow Fields Phase-Locked to Stall Cells. So far, the
A, where the flow rate decreases by itself to p@nwithout any flow structure of rotating stall cells has been investigated based on
throttling. In the flow rang&8C, the compressor can run at a fixedthe ensemble-averaged data phase-locked to the cell rotation
flow rate if the throttle is closed carefully. The multiple SLSC$5-8]. Such phase-locked averaging can be made by taking aver-
occur in this range. This condition is called “mild stall” in the ages synchronously with the periodic waves shown in Fig. 3.
present paper. When the throttle is closed to pGinthe flow rate Figures 4 and 5 show the phase-locked averages of the flow
jumps suddenly to point D and the compressor falls into a deépld for the SLSC atp=0.31 and the LLSC a#=0.25, respec-
stall condition with a LLSC. tively. In both figures, the upper and lower frames show the con-
. . tour maps of the upstream and downstream axial velocity compo-
3.2 Low-Pass Filtered Pressure Traces. Figures ) and ent at measuring locations 3 and 4, respectively. The top and
3(b) show the reference pressure traces near the rotor leading eagﬁom horizontal lines in these frames correspond to the casing
under the mild and deep stall conditions. The short and long vefiy hyp walls. The axial velocity component normalized by the
tical lines on each horizontal line represent blade passing aglye tip speed is indicated by a color scale. The solid contour
rotor rotations, respectively, amu represents the rotor rotation |jag represent an axial velocity of 0. A number is assigned to the

corresponding to the left vertical line. The periodic short and Ion[g)p horizontal line at intervals of a blade spacing to identify the
waves observed in Figs(@) and 3b) are caused by the SLSC andgrcymeerential location. The vertical dotted line denotes the ref-

X i ; ; Msrence position of stall cell, at which the pressure trace crosses the
parison with the LLSC. The period of the wave is evaluated byjqrizontal line from bottom to top in Fig. 3.

The middle frame shows the pressure distribution on the casing
wall. The casing wall pressure is represented by the pressure co-

3 Experimental Results and Discussion

07— efficient, defined as
S _ N . Cp=(Py—Poi)/(pu7/2) (3)
| 5 : . 1 1 whereP, andp are the pressure and the air density of the inlet
0.5l S Apocosoaden. | Design ipoint B chamber, andl; is the blade tip speed. The circumferential loca-
r B s 1  tion of blades drawn on the picture is arbitrary since this map is
=0 ¢ 1 not phase-locked to the rotor rotation. The axial locations of the
Uk S e = oo 4 hot-wire survey are indicated by arrows 3 and 4.
L ;910)/ : i ] Looking at the axial velocity distributions upstream and down-
03B S B > 1 stream of the rotor in Figs. 4 and 5, a type of stall cell seems to be
[ : ' part-span for both the SLSC and LLSC. There seems to be no
i ; i i substantial difference between the SLSC and LLSC except cir-

O o2 o3 035 04 o4 o3 oss o cumferential length occupied by a reverse flow. However, a re-

¢ gion of considerably higher axial velocity appears immediately to
the left of the SLSC upstream of the rotor in Fig. 4, while a high
Fig. 2 Pressure-rise characteristics of compressor stage axial velocity region is located near the hub side away from the
tested LLSC in Fig. 5.
Journal of Turbomachinery JANUARY 2001, Vol. 123 / 25
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locity components and casing wall pressure phase-locked to
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Fig. 5 Contour maps of upstream and downstream axial ve-
locity components and casing wall pressure phase-locked to
LLSC under deep stall condition
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Fig. 6 [lllustration of a flow model for SLSC

(b) Tp=1.20

The most substantial difference between the SLSC and LLSC is
observed in the pressure distributions on the casing wall. In the
case of the LLSC(Fig. 5, the static pressures upstream and
downstream of the rotor in the unstalled ran@&cumferential
location from 16 to 21 in the number assigned on the @@
lower than those in the stalled ran(feom 2 to 13. The pressure
changes gradually from the unstalled range to the stall range. This
tendency is consistent with the data measured by Day and Cump-
sty [5]. In the case of the SLS(ig. 4), however, the bubblelike
region with significantly lower pressure is observed just upstream
of the rotor. It lies between the reverse flow region and the con-
siderably higher axial velocity region upstream of the rotor. Ob-
viously, the structure of the SLSC is different from the LLSC.

3.4 Time-Dependent Ensemble-Averaged Flow Fields

3.4.1 Structure of SLSC.In the previous papef4], the
present authors developed the double phase-locked averaging
(DPLA) technique, with which the time-dependent ensemble-
averages of a flow field could be obtained phase-locking to both
the rotor and the stall cell rotation. By applying this technique to
the measured data on the casing wall pressure and the velocities at
the measuring locations 1 and 4, animations were made from the
25 time-dependent ensemble-averages to observe flow behavior of
the SLSC. As a result, a model for the SLSC was proposed, in
which the bubble of significantly lower pressure shown in Fig. 4
results from a vortex having a leg on the blade suction surface as
shown in Fig. 6.

A physical interpretation for this model was as follows: Ac-
cording to vortex theory, bound vortices are distributed on an
unstalled blade surface, which bring about a blade circuldtifin
force). When leading edge separation occurs, the separation vor-
tex is released from the blade suction surface to reduce the blade
circulation. In the case of part-span stall, the separation vortex
appears only near the casing while the vortex lines are attached to
the blade surface in the hub region. According to continuity of the
vortex lines, they must separate from the blade suction surface to
link to the separation vortex near the casing. The vortex tube
consisting of these separated vortex lines therefore spans from the
blade suction surface to the casing wall. The casing-side end of
the vortex tube moves ahead of the rotor to form the low pressure
bubble and travels in the circumferential direction due to interac-
tion with the blades. Thus, the vortex bubble with a leg is gener-
ated as indicated b in Fig. 6. As it travels, the vortex leg is
stretched and finally broke{B in Fig. 6). The broken vortex leg
flows downstream of the rotor to generate a reverse flow region at
the rotor exit. On the other hand, a local separation occurs on the
next (left) blade suction surface near the leading edge due to in-
crease in the angle of attack, from where vortex lines are released

{c) Tp=1.68
4 3
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Fig. 7 Time-dependent ensemble-averages of axial velocity distributions upstream and downstream of rotor, and casing wall

pressure distribution for SLSC
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Fig. 8 Time-dependent ensemble-averages of three velocity
components 8 mm upstream of rotor

in the flow. When the vortex bubble approaches the blade after lrt'?éa
vortex leg is broken, these vortex lines are swallowed into t
bubble. The separation grows to a large focus type separat

similar to a tornado, and a new vortex leg is generéiah Fig.
6).

To verify this model, additional measurements were made
measuring locations 2 and 3, which correspond to the center
vortex bubble and to a location between the vortex bubble cen%ﬁ

and the rotor leading edge, respectively. In Fige—¢), the time-

dependent ensemble-averages of the axial velocity distributiond
the two upstream locations 2 and 3 are shown above the cas}
wall pressure distributions for three different positions of the st
cell relative to a bladeT, denotes the relative circumferential
position of the stall cell, which is represented by a vertical dott

line in the figures folT,=1.20 and 1.68.

For T,=0.80, the velocity distribution near the vortex center i
revealed by a strong reverse flow located on the right-hand side
the axial velocity deficit region and a high axial flow immediatel

to the left of it at measuring location 2 in Fig(aj. A strong

S

IstaII inception is a transient event. Although the vortex immersed
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Fig. 10 Time-independent ensemble-averages of axial velocity
component upstream and downstream of rotor as well as dis-
tributions of ensemble-averaged pressure and pressure fluc-
tuation on the casing wall for LLSC

ential location. The former is associated with the vortex center
and the latter is induced by the vortex leg. The reverse flow be-
comes stronger at measuring location 3 because of stretch of the
vortex leg. When the vortex leg is broken and flows downstream,
the induced reverse flow becomes weaker at measuring locations
2 and 3 in Fig. Tc). A new vortex leg stretching to the next blade
leading edge can be seen at measuring location 3 fer1.68.

Figure 8 shows the distributions of three velocity components
at the location 3 fofT,=0.80. The velocity components normal-
ized by the blade tip speed are indicated by the color scale. The
tive tangential velocity is taken as positive when it is in the

gential velocity distribution, a vortical flow can be seen around
e vortex leg.
The above-mentioned behavior can be seen more clearly in
%%e animationg http://fe.mech.kyushu-u.ac.jp/kaiten/kaiten.html
e

%Iposite direction of the rotor rotation. As shown in the radial and
t

y are consistent with the model shown in Fig. 6.
Hoying et al.[9] observed a similar vortex ahead of a rotor in
eir numerical simulation for spiketype stall inception, and found
hat it was caused by a tip clearance vortex spilling upstream of
@)rotor. This fact does not conflict with the model described

ve. The multiple SLSCs are in a developed state, while the

'E§ leg near midspan in the present experiment, the leg might be
ocated near the tip at the onset. It could be located at blade tip
urface when the tip clearance is large. According to the vortex

gory, the tip clearance vortex is nothing but a kind of separation
ortex, which consists of vortex lines separated from blade tip
instead of suction surface.

reverse flow induced by the vortex leg can be observed clearly in
the axial velocity distribution at measuring location 3. The vortex
immerses its leg near the midspan. When the vortex bubble travels

with its leg stretching T,=1.20), a strong reverse flow region
splits into two pieces at the measuring location 2 as shown in F '*
7(b): The one on the left-hand side travels with the vortex bubbl =,
while the one on the right-hand side stays at the same circumf
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Fig. 9 Ensemble-averaged axial velocity distributions up-
stream and downstream of rotor as well as distributions of
ensemble-averaged pressure and pressure fluctuation on the
casing wall for LLSC
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Fig. 11 Distributions of axial vorticity and velocity compo-
nents upstream of rotor for:  (a) SLSC; (b) LLSC
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3.4.2 Structure of LLSC. Although the LLSC extends in the LLSC, the vortices may be generated irregularly to cause the
axial direction through the upstream and downstream stator undéiong pressure fluctuation. Looking at Fig. 10, the locally lowest
the deep stall condition, the discussion in the present paperpi®ssure region near the rotor leading edge separates from a blade
restricted to the measurement data of the velocities upstream aundtion surface and shifts upstredéfrom 11 to 7. This phenom-
downstream of the rotor, and of the casing wall pressure. Tlk@on seems to correspond to these separation vortices. However,
DPLA technique has been also applied to these measurement digtay may not form a concentrated vortex like the SLSC, so that
Figure 9 shows the distributions of the ensemble-averaged axia¢ low-pressure bubble cannot be observed in the ensemble-
velocity component upstream and downstream of the rotor as walleraged pressure distribution on the casing. Existence of irregu-
as the distributions of the ensemble-averaged pressure and ldreshort length-scale vortices will be discussed in the following
pressure fluctuation on the casing wall fog=1.0 at the flow section.
coefficient of $=0.25. The pressure fluctuation has been evalu- As mentioned above, the flow field around a blade changes
ated by gradually when the blade enters and goes out of stall in the

_ ensemble-averaged distribution. The stall extends in the spanwise

p’2:(pu[2/2) direction gradually in the front part of the cell, and shrinks in the

rear part. In other words, the stall is full-span in the cell center

wherep’ is the deviation from the ensemble-averaged pressurewdiile it is part-span on both sides of cell in the case of relatively
each measuring point. Comparing with Fig. 5, this figure givaew hub/tip ratio(=0.7)
information on a flow field around each blade. Unstalled bladesIn the present experiment, the lower the flow rate, the larger
(from 16 to 21 in the number assigned on the)tapd stalled part of the circumference the LLSC occupiéithe figures are
blades can be easily distinguished. However, the contour lines argitted. The number of blades with full-span stall increased as
very jagged because the number of data at each measuring poihésflow rate was reduced. When the flow rate was reduced further
insufficient (only about 20 due to an overly long period of the (¢=0.15~0.07), a signal of rotating stall disappeared in the low-
LLSC (about 12 times of the SLSGor the limitation of measur- pass filtered reference pressure. In this range, the whole circum-
ing time and data logging capacity. It was difficult to find substarference was covered by part-span stall near the casing and positive
tial change in the time-dependent ensemble-averaged flow fielggal velocity was observed near the hub both upstream and
with various values ofT, (refer to the animation at http:// downstream of the rotor. With further throttling, reverse flows
fe.mech.kyushu-u.ac.jp/kaiten/kaiten.htmiThis fact suggested occurred near the casing at the rotor inlet and near the hub at the
that, within accuracy of the experiments, the structure of LLSgbtor exit: namely the air entered from the hub side and dis-
was hardly affected by the circumferential location of the stall ceharged from the casing side of the rotor.
relative to a blade. ) .

Then, the ensemble-averaging was done by phase-locking te3-4-3 Vortices Upstream of RotorFigures 112) and (b)
the rotor blade fofl,= 0.0~ 1.0 to obtain smoother contour maps.ShOW the distributions of axial vorticity component upstream_of
The cell location is loosely phase-locked to one blade spacir?.e rotor for the SLSC and the LLSC together with axial velocity
The results are shown in Fig. 10. These distributions are tim istributions. The axial vorticity component is evaluated based on
independent averages because we ignored effect of the relaf% smooth time-independent velocity distribution, and normal-_
location of the stall cell in a blade spacing, but still give usefdf®d based on the rotor speed and the chord length at the blade tip:
information on the flow field around each blade. There is no sub- I [a(re,)  a(c,)
stantial difference between Figs. 9 and 10. The variation of the e e
flow field around a blade with time can be seen by looking at the four| oor ar

blades from left to right in order. i ) .
In the unstalled blades in Fig. 10, a low-pressure region neyferer andé are the radial and tangential coordinates, enand
are the radial and tangential components of absolute velocity.

the leading edge of the suction surface of each blade grows a"ﬂ% . . - ) ; oy
the blade wake becomes thicker as the stall cell approaches, dult§oth figures, the high positiventiclockwisg vorticity can be

increase in angle of attadifrom 21 to 16. Occurrence of local S€€N in the casing wall boundary layer, and the negdtiaek-
separation on a blade suction surface can be recognized by redifs® vorticity in the part-span stall cell. In the case of SLSC, a
tion of the low-pressure region near the blade leading edge aj@ion of highly negative vorticity is restricted within the reverse
appearance of a reverse flow in each blade widoen 15 to 13. low region and near the vortex Ieg. Negative vorticity is hardly
Then, the reverse flow develops gradually downstream of the rof?S€rved in the incoming flow. This phenomenon suggests that
in the corner between the casing and the blade suction surfacdff Séparated vortex lines from the blade surface form the concen-
the front(left) half of the stall cellfrom 13 to 7. In this range, U@teéd standing vortex ahead of the rotor. In the case of LLSC, the
the casing wall pressure at the rotor exit increases and the revef¢rse flow has highly negative vorticity, especially when blade
flow region upstream of the rotor enlarges. At the center of cjgParation is developed in the front half of the stall detim 9 to

(7) the reverse flow region in the wake reaches near the blagi@ Highly negative vorticity can be seen also in the incoming
root, and it is hard to say that the LLSC is part-span. In the reApW On the hub side of the rear haffrom 1 to 8. This fact
(right) half of the stall cell(from 7 to 1, the reverse flow regions SU9gests that the separated vortices move upstream with the re-
upstream and downstream of the rotor diminish gradually, and t}g"Se flow near the casing and re-enter the rotor from the hub side

casing wall pressure at the rotor inlet increases. The pressure (fhform a large scale stall cell. . . .
creases little through the rotor in this range. If the irregular short length-scale vortices are included in the

Unlike the SLSC, there is no significantly low-pressure bubbl@ghly negative vorticity region, some evidence should be found
ahead of the rotor. Instead, a strong pressure fluctuation regidh@ Wavelet transform of the casing wall pressure trace upstream
can be observed ahead of the rotor when the blades enter.\é?l‘he rotor, because it gives useful information of instantaneous

4

(from 13 to 8. It moves upstream as the low pressure region nedSturbanceg12]. The wavelet transform of a pressure signal is
the leading edge diminishes. According to a recent unsteady ttfined by

dimensional numerical simulation of rotating stall with long 1

length-scaleg[10], the pressure fluctuation ahead of the rotor is _

associated with generation of multiple vortices with relatively W(a,b) \/gf Y(Mp(T)dt )
short length-scale. Similar vortices are shown in an instantaneous

flow field calculated by Saxer-Felici et dl11]. These must be whereW(T) is a wavelet functiona and b are the scaling and
separation vortices to reduce blade circulation according to tlranslation parameters, antd=(t—b)/a. When an appropriate
vortex theory, and should occur in the experiments. In the casefahction is chosen a¥ (T), a large value ofN(a,b) implies that

28 / Vol. 123, JANUARY 2001 Transactions of the ASME

Downloaded 01 Jun 2010 to 128.113.26.88. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



aldt
SN

I
&NI}I}%H

HMHHUQHNIAMHIHHHL“HHIHH‘

|
T

o

512 10‘24 ’ " " 1536 " " 2048
biat

(a) mild stall condition.

alAt
g-g‘g Boun
N

(b) deep stall condition.

Fig. 12 Wavelet transform for low-pass filtered pressure trace upstream of rotor

the disturbance with scakeexists locally around. In the present SLSCs. The first peakat t/tg=0.3 or 1.0 in Fig. 1Bacts on the
study, ¥ (T) = —sin(2Nexp(—T?) was used for a spiky low-pass unstalled blade and the second sharp pleak/tz~0.6 or 1.3 is
filtered pressure signal of a vortex. associated with the vortex leg standing on the blade suction sur-
Figures 12a) and 12b) show the contour maps &%(a,b) for face. The maximum force due to the SLSC is almost the same as
the SLSC and LLSC. The abscissabig\t and the ordinate is a that in the deep stall. Positive force acts on the blade at all times
logarithmic scale ofa/At in the opposite direction, wherdt in the mild stall, while negative force acts for a short time in the
corresponds to 1/120 of a rotor rotation. For the SLSC, the maxieep stall. The amplitude of the fluctuation force due to SLSC is
mum values ofN(a,b) are located aa/At=10 at equal intervals about 70 percent of that for LLSC.
of b/At~33. This means that the size of SLSC is on the order of Figure 14 shows the variations of the torsional moment around
two blade spacings since the rotors have 24 bla@des10At a geometric center of the blade tip section. The ordinate is the
=1/12 of a rotor rotationand they appear at intervals of aboutdimensionless moment based on the chord length and the equiva-
0.28 of a rotor rotation f~33At=0.2175). For the LLSC, the lent dynamic pressure for the blade tip speed. The features of the
maximum values ofV(a,b) are located ab/At~100 at equal variation are quite different between the mild and the deep stall. In
intervals ofb/At~410. This means that the size of LLSC is orthe deep stall, the blade suffers a peak of the negéintclock-
the order of the rotor circumference and they appear at intervalsvake) moment when the separation on the blade suction surface
about 3.4 rotor rotations. One should notice that notched distutevelops and the reverse flow occurs upstream of the tjtasber
bances are overlapped on the large-scale disturbanad Xt t/tg=0.7). The torsional moment varies from0.05 to 0.02 in the
~10~20. Their size and the intervals are irregular. They appeatSC. On the other hand, in the case of mild stall, the blade
much more when the blades enter stall. These disturbances suffers a sharp peak of positifelockwise moment in the cell
considered to be caused by the irregular short length-scale vowien the vortex leg is located on the blade suction surface near
ces moving upstream. the trailing edge. The maximum absolute value is about one and
half as high as that suffered in the deep stall.
In deep stall with a single LLSC, the frequency of the fluctuat-
force and moment acting on a blade fg | sc~(0.5
.7)NR since it rotates at 30 to 50 percent of rotor speid (
~0.3-0.5). On the other hand, the multiple SLSCs appear at
fo=(1—M\)ZNg (6) intervals of 4.5 to 5 times of a blade spacing and rotate at 70 to 80
) ) . ercent of rotor speed in the mild stall. Denoting the number of
where\ is a fraction of the rotating cell speed to the rotor speedyor plades byZ,, the frequency of the fluctuating moment be-

Z. is the number of cells, anNR is the rotor spee_d. comes f, . sc~(0.5~0.7)NgZg since Z,~Z,/(4.5~5) and 1
_ The unsteady aerodynamic force and the torsional moment acly 7 g'in Eq.(6). The frequency of fluctuating force is twice
ing on the blade tip section have been evaluated from the time-

dependent ensemble-averages of the casing wall pressure distribu-
tion in the mild stall condition ¢=0.31) and the deep stall
condition (¢=0.25). Figure 13 shows the variations of the aero-
dynamic force normal to the blade chord with time. The aerody- 08
namic force is represented in dimensionless form based on the
chord length and the equivalent dynamic pressure for the blade tip
speed. The abscissa is the dimensionless time normalized by a 06 P N
period of rotor rotation. Estimating the periods of the multiple
SLSCs and the single LLSC based on B, they correspond to % 7 /
0.72 and 1.41, respectively, in the abscissa. 04 / N
/

3.5 Force and Moment Acting on a Blade at Tip. A rotor
blade suffers repeated fluctuating load associated with rotati
stall propagation. The frequency of the stall cells passing througf
a rotor blade is

Mild stall
Deep stall

Under the deep stall condition, the aerodynamic force increases F
in the unstalled range as the LLSC approactifg=0.2—0.5 in
Fig. 13. Then, it decreases in the rangetfii;=0.5-0.8 due to
development of local separation on the blade suction sufface
fer to circumferential locations 15 to 11 in Fig.)18nd becomes
flat in the range of/tg=0.8—1.0 when the reverse flow develops -
upstream of the rotofl1 to 7 in Fig. 10. In the rear half of the W/ ériod of 11SC
LLSC, it decreases agairt/{z=1.0—1.4) and becomes negative _MF
(t/ty=0-0.1: corresponding nearly to 2 to 1 in Fig.)10 o 02 04 06 08112 4
Under the mild stall condition, it is interesting that the blade
suffers two peaks of the force during a period of the multiple Fig. 13 Fluctuating force acting on a blade tip section

02

eriod of SLSC" \
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dependent ensemble-averages of the casing wall pressure distribu-
tion. The force fluctuation due to the short length-scale cells is
somewhat smaller than that for the large length-scale cell. The
blade suffers two peaks of force during a period of the short
length-scale cells. The moment fluctuation for the short length-
scale cells is considerably larger than that for the large length-

scale cell.
M
) h,

oo Nomenclature
¢, = radial velocity component

oo eriodof SESC c, = axial velocity component

erlod of L1.5C c, = tangential velocity component
e T e s es o5 1 12 1 C, = pressure coefficient
v f. = frequency of fluctuating blade force or moment
Fig. 14 Fluctuating moment acting on a blade tip section F = dimensionless force normal to blade chord

I, = chord length at blade tip
M = dimensionless torsional moment around geometric

as high as the moment. These frequencies may coincide with a
natural blade frequency, if multiple SLSCs happen to occur.

A compressor is never operated for hours under a deep stall Poi
condition where the long length-scale cell is rotating. However, it "%
is feared that it might be operated without knowledge of the oc-

currence of multiple short length-scale stall cells in one of r

center of blade section

rotor rotation

stagnation pressure at inlet

casing wall pressure

deviation of pressure from ensemble-average
radius

the stages, because the overall pressure does not decrease in t - time .
many casegespecially in a mismatched conditjorA warning t; = period of rotating stall cell
for occurrence of the multiple short length-scale cells should IR — Period of rotor rotation o
be emphasized. T, = d|mgn5|onless circumferential position of stall cell
relative to a blade
u; = blade tip speed
) W(a,b) = wavelet transform, whera andb are scaling and
4 Conclusions translation parameters
So far rotating stall with multiple short length-scale cells was At = reference time scale in wavelet analysis
considered to be a phenomenon that happened only in low-speed = flow rate coefficient
axial compressor test rigs. However, the high-frequency stall in- % = pressure coefficient
ception in two aero-engine type compressors operating at full P = air density of air

axial vorticity component

speed[3] suggested that these phenomena might occur in high- Q, |
tangential component

speed compressors. It was thought to be necessary to clarify their ¢
nature.
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Discussion: “Comparative Studies on
Short and Long Length-Scale

a vortex extending ahead of the rotor blade to intersect with the

Stall Cell Propagating in an Axial casing. This is, | suspect, an artifact of the averaging pro¢éss.

T similar false structure with a large single vortex was deduced from
Compressor Rotor (Inoue, ensemble averages of turbulent spots developing during the tran-
M., Kuroumaru, M., Tanino, T., sition of laminar boundary layers into turbulent ones; the reality

was many random turbulent vortical structures, but no single vor-

Yoshida, S., and Furukawa, M., 2001, tex,) It also needs to be borne in mind that presence of vorticity in

Fig. 11 does not indicate the presence of a vortex. In sections
ASME J. TurbomaCh" 123’ Pp. 3.4.1, 3.4.2, and 3.4.3 statements are made about the way the
24—30) vortices are behaving. | would suggest that these should be re-

garded as conjecture and not as firmly established; the same is
true of conclusion number 3.

N. A. Cumpsty
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difference that was brought out by D&% from Professor Cumpsty.

The pressure field associated with a short-length stall cell isThis paper does not describe a transient phenomenon of stall
evident in Figs. 5 and 7, while for a long-length stall cell it ignception, but rather the occurrence of the short length-scale stall
shown in Fig. 10. It is to be expected that the amplitude of theells in a mild stall condition. Regarding the inception process of
pressure perturbations will be larger for the short-length cell b#iis type of stall, we made another experiment motivated by his
cause the changes between unstalled and stalled have to take pliésmussion for our previous paper. We are preparing a paper, in
over a shorter circumferential length. The nature of the presswahich difference of behavior will be elucidated between the mul-
disturbances, and their association with the flow in the stall cetiple short length-scale part-span stall cells in the mild stall and
was explored by Cumpsty and Greit48i. the high-frequency waves leading to a deep stall.

Turning to the specific findings of the present paper concerningWe agree with the explanation of part-span stall that occurs in
vortices, | do have some concern about the deduction of flowost multistage compressors operating at speeds below the design
structure from ensemble averages. It is on the basis of ensemiddéues and is sometimes called as “multi-cell front-end stall.”
averages that the authors have deduced that close to stall thefddasvever, the part-span stall cells in this condition seem not al-
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ways to have the same structure and scale as the SLSC descrimsican be observed at nearly equal intervals, although their shape
in this paper. In many cases the scale is larger than the SLSCchanges considerably. The change in the shape is not surprising,
The amplitude of pressure disturbance does not depend maibcause a tornado is fluctuating violently in general. Recently, we
on the circumferential length of stalled and unstalled range. Oneeasured the pressure traces at eight circumferential locations on
should notice the bubble-shaped significantly low pressure ard@he casing wall near the rotor leading edge. From observation of
following the relatively high pressure areas of stalled blades ufie raw pressure traces and the low-pass filtered pressure traces, it
stream of the rotor in Figs. 4 and 7, while there is no low pressuweas found the waves were rotating nearly 70 percent of the rotor
bubble between stalled and unstalled area in Figs. 5 and 10. Bpeed without disappearing. Generation of the vortices is not ran-
spiky wave of the SLSC is characterized by the rapid increadem unlike in a turbulent spot. More recently, we made a power-
followed by rapid decrease in the pressure. ful numerical simulation of unsteady three-dimensional viscous
The tornado-like structure of the SLSC was deduced from tHiew in the whole annulus area of an axial rotor operating at a low
ensemble averages of the casing wall pressure and the thfémw-rate, and found the presence of a vortex spanning from the
dimensional velocity components upstream and down streamig&de suction surface to the casing wall ahead of the rotor. The
the rotor by using the DPLA technique. In this technique, we caesult will be described in a future paper.
get a pressure field trace on the casing wall by using 14 pressurdhe authors believe that the SLSCs have the vortical structure,
transducergKulite SCS-062. The significantly low pressure ar- although they may fluctuate violently.
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A Tealavoutas Identifying Faults in the Variable
e | Gaometry System of a Gas

K. Mathioudakis

Associate Professor. Tu rb i n e CO m p re sso r

A. Stamatis

Research Associate. The influence of faults in the variable geometry (variable stator vanes) system of a mul-
tistage axial compressor on the performance of an industrial gas turbine is investigated.
Laboratory of Thermal Turbomachines, An experimental investigation has been conducted, by implanting such faults into an
National Technical University of Athens, operating gas turbine. The faults examined are individual stator vane mistunings of dif-
P.0. Box 64069, ferent magnitudes and located at different stages. Fault identification is based on the
Athens 15710, Greece aerothermodynamic measurement data and is achieved by employing two different tech-

niques, namely adaptive performance modeling and monitoring the circumferential dis-
tribution of the turbine exit temperature. It is observed that the deviations of the health

M. Smith indices produced by an adaptive performance model form patterns that can be used to

Principal Engineer, identify the faults. The patterns characterize both the kind and the magnitude of the fault.

ABB Alstom Power UK Ltd., On the other hand, the turbine exit temperature profile is also influenced and its change
United Kingdom can be used as additional information, to increase the confidence level of the diagnosis

(contrary to customary practice, which expects temperatures profiles to reflect only
burner or turbine malfunctions).[DOI: 10.1115/1.1330267

1 Introduction based on a combination of monitoring overall performance

Incorporating variable geometry into the stages of axial Con%:_hanges and local changes in hot gas temperature profiles.

pressors is a practice followed by engine manufacturers, in ordgr : : .
to improve operational behavior and efficiency of modern gz Variable Guide Vanes and Related Malfunctions
turbines. The operation of the systems incorporating the variableln most new technology gas turbines, variable geometry guide
geometry is susceptible, however, to a number of faults that comdnes are employed in one or more of the front stages of axial
lead to maladjustments of one or more vanes. The occurrencec@mpressors and are usually scheduled versus the compressor ro-
such faults could lead to a decrease of engine efficiency or everfa§onal speed. They are closed at low speed to reduce the mass
compressor surge during start-up or shutdown. It is thus very ug@w passed by the front stages for that given speed.
ful to establish ways to monitor the operation of the variable ge- The variable geometry vanes are controlled by a number of
ometry system. linkages, which are actuated by the engine controller. A typical
Works related to the monitoring of gas turbines with variabliyout of such a mechanism is presented in Fig. 1. The knowledge
geometry compressors have been appearing in the open litera@fréhe actuator position gives the possibility to establish the posi-
for a while. For example, a method for predicting the influence dion (angle of each vane, based on the geometry of the system.
variable geometry on compressor and engine performance ha&onsidering now the system operation, a usual problem that
been presented by Muir et &lL], implementing the stage stacking@rises is that the employed linkages undergo progressive wear and
method for prediction of compressor performance, in conjunctigifh drift from their calibration or schedule, which can result not
with an engine performance model. An experimental investigatiéily in efficiency reduction but also potential compressor surging,
of the effects of possible variable guide vane faults on the perfdspecially at start-up.
mance of a gas turbine used for propulsion of a military combat In order to avoid such problems, the user would have to exam-
aircraft has been conducted by Eustace ef2jl. The work was N€ the position of every vane,_whlch is practically |m_p055|ble.
focused in the extraction of characteristic fault signatures frone procedure usually followed is to check that the main actuator
both steady-state and transient engine data. A model-based té}gﬁltlon is in accordance with the predefined schedu.le and re-
nique that can be used for the detection of performance faults of&inS Within accepted bounds, based on the assumption that the
military turbofan engine, including variable geometry malfuncY@nes will follow the actuator movement according to the system

tions, was presented by Merrington et [&].

Individual vane mistuning for one particular stator of a gas
turbine was also examined by Stamatis e{4. It was found that
this particular fault can be clearly identified by applying the tech-
nigue of adaptive modeling. The present paper presents some fur-
ther work carried out, with the purpose of examining how variable
geometry vane faults can be identified, when they occur at differ-
ent stages and have different characteristics. The particular new
feature of this experimental investigation is that different numbers
of vanes were mistuned at different stages and by differing
amounts, to explore a range of different fault characteristics. A
further innovative aspect lies in the approach followed, which is

Contributed by the International Gas Turbine Institute and presented at the 45th
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger- X . . X
many, May 8—11, 2000. Manuscript received by the International Gas Turbine Indiiig. 1 Schematic of a typical linkage of a variable geometry
tute February 2000. Paper No. 2000-GT-33. Review Chair: D. Ballal. vane
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Initial Position Position after
movement

& F
Vane non-following
the variable
& & geometry schedule
P Fig. 3 Engine layout and measured quantities
CO

Fig. 2 Schematic representation of individual vane mistuning standard instrumentation of the test bed was used. The data have

been acquired with the engine data logging system. Locations at
which measurements were performed are shown in Fig. 3.

design. The limitations of this approach are obvious since it can- ) .
not detect problems related to the positioning mechanism of onel€st Procedure. To establish engine performance changes
or more individual vanes. A loose bolt or stacked vane can cau@used by the implanted faults, a number of tests were performed
such a problem for example, as schematically presented in FigWth the engine in both healthy and faulty condition. The test

However, the presence of even such small faults will alter tf€duence commenced with establishing the performance of the
aerodynamic behavior of the affected compressor stage. This @lgine in the nominal condition. This step is necessary when the
teration will cause, in turn, a systematic change to the operation®thod is applied, as it ensures that the reference condition is
the stages that follow. Adding together all these changes, the figélapted to the particular engine tested. This feature of adaptive
result will be a change of the compressor and thus engine perfgtodeling allows elimination of the uncertainty caused by engine-
mance. Therefore, it would be desirable to check the presencd@engine variability and gives more reliable component condition
such faults in conjunction with methods capable of identifyin§dices[5]. Following this, the test schedules were repeated for
performance changes of compressor and engine. each fault condition in turn. The engine was operated at each one

When a set of measurement data from an operating gas turbfifethe examined fault cases for a short time period in order to
is available it is possible to have a first idea of the condition of tH&void any possible harmful effects. Every time, a number of mea-
engine by simply comparing those data to reference values. Hojyrements were obtained from the engine data logging system,
ever, this approach has the disadvantage that it gives informati®is establishing a library of measurements sets.
about the nature of the fault only if previous experience on fault Implanted Faults. Several variable guide vane faults were
Symptoms exists. . _implanted into the engine by making adjustments to the linkages

A method that has been shown to be powerful for diagnosing one or more vanes. The adjustments performed were restricted
component malfunctions in gas turbines is the method of Adaptiyg magnitude to be within operational limits. The faults implanted
Modeling[5]. The method employs the values of measured quajyere thus not representative of an unserviceable engine but were

tities in order to determine parameters characteristic to the perfaf-¢ ficient magnitude to examine the effects of even small faults
8

mance of each component, which can be used to assess its heglthengine performance and verify the effectiveness of the fault
It has the advantage that it provides a unified treatment for Cagfggnostic techniques.

in which different data are available, it gives additional flexibility  The |ocation and the magnitude of the implanted fault was se-

as to estimating the condition of different components, while jbcteq in such a way that the tests performed are representative of

provides infor_matior_1 easily interpretable_. . ., faulty cases that were either reported by engine users or are very
In order to investigate the effects of different possible variab

3 . ssible to occur. A list of the performed tests is given in Table 1.
guide vane faults on overall engine performance and to establishy| tests were performed for the same compressor mechanical

resulting fau_lt signatures, an experime_ntal inves_tigation Was Pelseed, which was kept equal to nominal. Thus, the whole set of
formed. Various faults were implanted in the variable guide vangeasurements refers to almost the same engine operating condi-

system of a multistage axial compressor of an industrial 9as tyfsns (small variations of ambient conditions were observed dur-
bine. The effects of the examined faults as well as the dlagnoq% the test sequenke

possibilities offered by different methods are discussed in the

following.
3 Engine Test Program Table 1 List of performed tests
The TORNADO gas turbine, described by Wo¢6] and Test Description Details
Charchedi and Woof7], was the engine used as the test vehicle| Number
The engine consists of four main modules, a compressor, a cor 1 Datum Test Healthy Engine
bustor, a core turbine, and a power turbine. The two turbines ca ) IGV Fault One vane mistuned by 10°
either be interconnected for single shaft operation, or not con 3 Stage-1 Fault | One vane mistuned by 5°
nected, for twin shaft operation. In the current series of tests th 2 ~J- One vane mistuned by 10°
engine was operated in the single shaft mode. 5 - One vane mistune by 15°
The compressor uses variable IGVs followed by four rows of 6 I Three vanes mistuned by 5°
variable stators to achieve a pressure ratio of 12:1. The desig - o
? . 7 - //- Three vanes mistuned by 10
speed of the compressor is 11,085 rpm; at speeds below 10,0 7 h stuned by 15°
rpm the stators start to close progressively, until they are in th 8 — Iee vanes mstune yo
fully closed position for all speeds below 8000 rpm. 9 Stage-4 Fault | One vane mistuned by 10"
The test program was performed on an engine development te| 10 -/ Two vanes mistuned by 10
bed. For the aerothermodynamic performance measurements, t 11 Datum Test Healthy Engine
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4 Fault Effects on Performance Parameters 5 Fault Signatures From an Adaptive Performance

In order to have a first idea on the effect of the different fauliylodel
on engine performance, the measured parameters were compared further analysis of the measurement sets obtained was per-
for the different mechanical conditions. The reference baselif@med by employing the adaptive performance modeling method.
was established by the analysis of datum test measurements. Tie aim was the derivation of fault signatures that can be used in
note here that both the measurement sets of healthy and faditiure for fault detection and identification.
conditions were corrected to standard day conditions. An adaptive performance model capable of simulating the op-
The investigated VGV fault effects on engine performance p&ration of a typical TORNADO engine has been developed in the
rameters are presented in Fig. 4. As we can see, the occurrencBasit by Stamatis et aJ4,5]. This model utilizes a set of eight
each one of the investigated faults has a significant effect on dnodification factors that characterize the performance of engine
gine performance. In all cases, the fault occurrence will result inG@mMponents. However, in the case that the engine operates at

significant decrease of the engine load and fuel flow rate forsépglg sha}ft mg_c;_e, as inf the presenLexg)erimentgl Campaiﬁ:‘n the
given controller set point, while a proportional decrease is al mber of modification factors can be decreased to six. This Is

observed in other parameteiar flow rate, compressor delivery agwg\a/eigtgyo%%n:ﬁglngertfr:)errgget[\iflggrgg?fntcvgi%;ur‘lt%ﬁe}!ﬁ\etrigﬂce d
pressure and temperature and turbine exhaust temperatiate- P P ’

worthy is the fact that the observed deviations demonstrate, in g]Pdmcanon factors are the following:
cases, the same pattern.

Considering now the magnitude of deviations, our observations Compressor: f1=0c/0crer 2= mpc/ Mpc ref (1)
can be summarized as follows:

Burner: f;=BPL/BP f4=npl 2

« For the case that the fault is restricted to the vanes of a single 3 bet Ta= ol o et @
stage, as we can see in Figgajand 4b), the magnitude of . _ _

deviations appears to be related to the degree of the vane Turbine:  f5=0r/Arer  f6= 7is,1/ 7is ref ®)

mistuning. ) o .

« As we can see from Figs(d), 4(b) and 4c), VGV faults of The first step for t_he appllcat!on of the a_daptlve perforr_n_an(_:e
the first stages have a greater impact on engine performan ’thod on thg examined cases is the sglectlon of the mOdIfllcatI.OI‘l
as the deviations produced are of larger magnitude. actors that will be evaluated and mo_nltored. Their selection is

based on the number and type of available measurements, which
Based on these observations, we can state that the occurrenda dhis case are the following five: air flow rate, compressor de-
even a small fault on engine variable geometry system has a figery pressure and temperature, fuel flow rate, and exhaust gas
ticeable impact on engine performance. Thus, we can state thatt@gperature. Compressor speed and engine load defines the en-
monitoring a number of performance parameters, one can det@ite operating point. From these five measurements, following the
the presence of a fault. procedure described by Stamatis et[8], the modification fac-

tors that can be evaluated with the maximum accuracy, and are

more likely to change in correspondence to engine condition

modifications, were found to be the factdik, 2, f4, f5, andf6.
Having selected a set of modification factors, the next step was
the establishment of the baseline. This was achieved by analyzing

@ 0 . W . the measurements of the datum test where the engine was intact
g (healthy condition The analysis provided a set of reference per-

formance characteristics capable of an accurate reproduction of
operation of the particular TORNADO engine used for the tests
= and the limits of modification factors deviations that correspond to
. OS deg. @10deg. 1S deg. the “healthy” engine. These limits were estimated to be equal to
+0.5 percent.
The next step was the implementation of the adaptive engine
model to data from the examined faulty cases. For each one of
these cases, a set of modification factors percentage deviations
was evaluated from the corresponding set of measurements. The
5 - averages of these deviations are presented in Fig. 5.
O5deg. [10deg. @15 deg. As we can see, in all cases a systematic change of fattos
observed. Although a trend of larger deviations for more severe
faults is observed, it cannot be clearly stated that deviation mag-

(b) 0

@0 77 I 2= R B 7 R S 5 1 [ 22z nitude is in proportion to fault severity. The limited amount of test
2 . data available implies that statistical dispersion is not small
4 enough to lead to more specific conclusion about severity-
. deviation correlation. The other factors don’t exhibit any system-
Ovane 10 deg. Otwo vanes 10 deg. atic change, while their deviations lie within healthy limits. Only
8 the factorf5, in three test cases, exhibits deviations that slightly
exceed these limitgFigs. 5a) and 5b)).
@ 0 = T = Diagnosis of a fault existence and possible identification of its
2 <[__| — kind is facilitated if factorsf1 andf2 are cross-plotted on com-
4 — pressor diagnostic plan@lane that characterizes the compressor
- condition. A cross plot of the evaluated deviations of factbis
Oone IGV 10 deg. andf2 is given on Fig. 6. All points move in the same direction

-3

away from the nominal poirpoint[0,0]), while the distance from

Fig. 4 VGV fault effects on engine performance: (&) Stage 1, the origin reflects the fault severity. All faults are manifested as a
one-vane faults, (b) Stage 1, three vane faults, (c) Stage 4 decrease in pumping capacity of the compressor, while its effi-
faults, and (d) IGV faults ciency remains practically unaltered. Looking at the turbine diag-
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(2) 2
2 & St-1, 1 vane 5 deg

1.5 L. 15 @ St-1,1 vane 10 deg

St-1, t vane 15 deg
e | e St-1,3 vanes 5 deg

0
0.5 | ¥2 f4 [% 16 % St-1,3 vanes 10 deg
P S _i
4 : @ St-1, 3 vanes 15 deg
1.5 ® 8 o 4 St-4, one vane 10 deg

| . 0 5 dearces B 10 degrees @15 dearees *— .
2 3 s 1 k‘fg = St-4,2 vanes 10 deg

= IGV, 1 vane 10 deg

(b)

1 f6 Healthy Engine Area

2

O 5 dagrees Bl 10 degrees _ EA15 degracs Fig. 7 Turbine diagnostic plane

[O]

15 6 Additional Information From Temperature Patterns

Within a gas turbine engine, the flow field issuing from the

o 77 ez compressor is nonuniform containing circumferential and radial

0.8 % 2 " 8 e variations. The pattern of these variations, for certain operating

. conditions, is related to the compressor blade design. A change in

e Dvane 10 dearees Bliwo vanos 10_dearsss the compressor blading, as in the case of mistuned guide vanes,
should be expected to result in an alteration of the flow field at the

(@ compressor exit(Recent studies performed by Barker et[&l]

N revealed that nonuniformities in the flow that enters the combustor

\ - can affect the mixing performed within the combustor and thus

0s the flow field at the combustor exitt should be remembered that

o l = = == T the hot gasses from the combustion chamber enter the turbine and

04 I have to pass through one or more stages. The turbine blade rows

will act as filters on circumferential nonuniformities, and the ques-

P Bone15v 10 dsorees — tion is whether nonuniformities will persist and can thus be ob-

servable at the turbine exit.

Fig. 5 Modification factors percentage deviations:  (a) Stage 1, On the basis of this reasoning, it was examined whether the

one-vane faults, (b) Stage 1, three vane faults, (c) Stage 4  modifications of the flow field produced by the variable geometry

faults, and (d) IGV faults faults can be identified from the gas temperature circumferential
distribution. A sample result of measured temperature distribu-
tions is illustrated in Fig. 8. The corrected temperature profiles
downstream of the core turbine for the engine in the reference

nostic plane presented in Fig. 7, we can see that the points aomdition, and for the case in which three vanes of the first stage

much closer to the origin while there is no visible trend ofvere mistuned by 15 deg, are presented.

displacements. The reference temperature profile is established from the ob-

Thus we can state that in all test cases there is a clear fatalined measurements database. From profiles at discrete operating

signature that can be used for fault identification. It is difficultpoints, the profile at any intermediate load is produced by inter-

however, to distinguish the particular faulty vane configuratiompolation. This way we obtain a reference temperature profile that

The implanted faults belong to the class of compressor fault aodrresponds to the same operating conditions.

thus, as it was expected only the compressor modification factorsAs we can see, a modification of the temperature pattern is

exhibit a systematic change.

A1

1020
2 1000
& St-1, 1 vane 5 deg
1.5 # St-1,1 vane 10 deg - 980
St-1, 1 vane 15 deg E 960 -
1 St-1, 3 vanes 5 deg  — E
X St-1, 3 vanes 10 deg E 940
o _
@ St-1, 3 vanes 15 deg 2
T 920
K .u '*‘;&: #‘ N 4+ St-4, one vane 10 deg g
_1'.5 '1 _ot\hL = 5t-4, 2 vanes 10 deg E 900
7 IGV,1vane 10deg " ss0
s \ 860
f2 Healthy Engine Area 840 . — . . S , . ———r i —_—
-[‘ » 4 1 2 3 4 5 6 7 8 9 101112 13 1415 16
2 —&— Faulty —g - Healthy
Fig. 6 Compressor diagnostic plane Fig. 8 Temperature pattern at core turbine outlet for two cases
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Thermocouple Thermocouple
&5 degrees % 10 degrees —&—One IGV 10 degrees 3 Stage 4 vanes 10 degrees
16 degrees ~—— Healthy Limits Stage 4, two vanes 10 degrees -——- Healthy Limits
Fig. 9 Reduced temperature deviations for the case that three Fig. 11 Reduced temperature deviations for different faults

vanes of Stage 1 are mistuned

It is shown that the evaluated reduced deviations for a number
noticed. This modification consists of an increase in the tempeia- thermocouples exceed the threshold, while its magnitude is
ture registered by a number of thermocouples, while the rest of theportional to the fault severity. The deviations of the remaining
readings do not exhibit significant deviations. thermocouples are of smaller magnitude and in all cases, lie

In order to investigate the possibility of extracting additionalvithin the healthy limits. The same observations can be made also
diagnostic information from a possible systematic change of tfier the patterns of reduced deviations for the other examined
temperature profile at the turbine outlet, the obtained patteroases, presented in Figs. 10 and 11.
were compared by evaluating the reduced temperature deviationft is noticeable that in all test cases the same thermocouple
(introduced by Tsalavoutas et 1.0]), defined as exhibits the maximum reduced deviation. This can be attributed to

the fact that in the examined faulty cases, the affected vanes were
dT =dT. dTi| 1 4) located at the same circumferential region. On the other hand, the
! "dTg dT, pattern of the deviations has a similar form for all the different
where dT; is the difference between the current and referen%/ﬁne fa.ults. We.can therefor.e state that the occurrence ofafaultin
temperature, e variable guide vanes _W|II give a characten_stlc pattern of_r(_aj
duced temperature deviations. However, the diagnostic possibili-
dTi=T;=T; ref (5) ties offered by its usage are directly related to its differentiation
from corresponding patterns given by other kind of faults.
In this respect, the pattern of reduced temperature deviations for
EiN:l|dTi| different burner faults that were implanted in the same engine is
d =T N (6) given in Fig. 12(details about these particular faults were pre-
sented by Tsalavoutas et &L0]).
anddT; is a measure of the maximum expected temperature de-n this case, the deviations of two adjacent thermocouples are
viation due to the presence of random error in the measurememtsgative and lower than the threshold while the rest of the devia-

The effectiveness of this method for identifying even small ations are positive, and in more severe cases, lie outside the healthy
terations of temperature profiles and extracting diagnostic infdimits. The clear differentiation between the two fault signatures
mation, has been presented by the group of authb@$ The (variable guide vane and burner fauls therefore obvious. It
evaluated reduced temperature deviations for the case in whigguld be argued that even if the burner faults were in the opposite
three vanes of stage 1 are mistuned by different degrees is migection, the form of the pattern is different and therefore distin-

dT,, is the average absolute temperature deviation

sented in Fig. 9. guishable from the vane faults.
30 100.0
» 1
!‘\ 0.0
20
/ \ -100.0
15 ; \
10 M .~ -200.0
B R =
= s N 1WA A\i -300.0
7\ |
01 - — — = = -4
Y‘M 6 7 8 N34 18 —400.0 |
-5 \i AL.J L 2 \/
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-10 —500.0 | sao=s Both Nozzle Off &
] -~~~ Threshold
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——Sdegrees  —#~10 degrees T T 5 8 3 6 3 b2 s
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Fig. 10 Reduced temperature deviations for the case in which Fig. 12 Reduced temperature deviations for different burner
one vane of the first stage was mistuned faults [10]
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0.94 compressor efficiency, observed on facta@r has also been dem-
onstrated from test data by Mathioudakis et[dl3]. Therefore,
these two types of faulty operation are distinguishable.

The confidence level of the fault detection and identification
can be further increased by employing additional independent
methods, based on measurements of unsteady pressure, sound,
and vibration, as presented by Loukis et[aK]. Finally, the pre-
viously discussed observations can be easily realized in an expert
system, assigned the task of the supervision of contemporary en-
gines. Such an implementation has been undertaken with the con-
tribution of the present authors, and successful on-line application
to an operating engine was demonstrdted].

Spread/Spread,ref

8 Conclusions

Stage-t,onevane  Stagel,three  One GV Staged The effects of faults on the variable guide vane system of a
multistage axial compressor on engine performance were experi-
Fig. 13 Temperature spread for the examined cases  (healthy = mentally investigated. Faults located at different stages and hav-
and faulty ) ing different characteristics were examined. It was shown that the
presence of these faults can cause considerable deviations of per-
formance parameters.

Besides the observed reduced temperature deviations, a considdays of exploiting typically available measurements for ex-
erable alteration is also noticed in the temperature spread, astricting diagnostic information that could lead to fault detection
lustrated in Fig. 13. The ratio of the temperature spread of meand identification were presented. Implementation of an adaptive
sured pattern for faulty operation to the spread of the referenperformance model was shown to give a certain type of “signa-
pattern that corresponds to the same operating conditions is giverie” characterizing this type of faults, in the form of character-
In all cases, a decrease of the temperature spread is noticed, é¢stic patterns, which can be used for fault detection and
trary to the usual experience where fault occurrence is alwaigentification.
connected to an increase of the temperature spread. Inspection dfurbine exit temperature distributions were found to be affected
Fig. 8 explains why the spread is reduced with a vane fault. Tiy the presence of compressor faults, a finding that is for the first
significant observation here is that although spread reduction isime reported in this paper, contrary to the usual belief that tem-
favorable condition for the hot part of the engine, it can neverthperature patterns are related to turbine or combustor faults. More-

less be linked to an engine malfunction. over, the reduced deviations of the temperature pattern were
shown to form a distinct pattern that can be used as additional
7 Discussion diagnostic information, to increase the confidence of the diagnosis

The results of the experimental investigation presented abo(\)/f6var|able geomeiry vane faults.

have shown that compressor variable geometry vane faults can be
identified by first observing their effect on overall engine perforAcknowledgments

mance parameters. Employing component-oriented diagnosticrhe work described in this paper has been performed within the
procedures such as the technique of the adaptive modeling pi@gmework of research contract BREU-506-Project BE-4192. The

vides a clearer picture. Further confidence in such a diagnosis ¢afihors express their thanks to the European Communities for
be provided by information extracted from temperature profilggeir financial support.

downstream of the turbine. The confidence increase is a result of
the fact that the information usedamely temperature distribu- Nomenclature
tion) is additional to the one used for performance evaluation
purposes, where mean values only are of interest. A prerequisiteBPL = burner pressure loss
for having this second possibility is the application of a method, CDP = compressor delivery pressure, bar
which is sensitive enough to characterize profile form changes. CDT = compressor delivery temperature, K
The present study has examined faults affecting vanes of dif-EGT = exhaust gas temperature, K o
ferent stages in different ways. A conclusion that can be drawfu—fe = engine’s components performance modification fac-
from the results presented is that the symptoms obtained by ap- tors(Egs.(D-(3)
plying either adaptive modeling or the pattern analysis technique 7pc = Compressor polytropic efficiency
are similar for the different fault cases. Therefore, these symptoms 7is = turbine isentropic efficiency
can be considered to be typical for this type of fault, that is, they ~7p = burner efficiency
could be used as fault signatures. N = compressor rotational speed
A question that can be posed is how these symptoms are related 9c = corrected compressor air flow rate, kg/s
to the symptoms of the entire row of vanes being mispositioned _ Gt = corrected turbine flow rate, kg/s
(“misrigging” ). In tests that were performed on an engine of the TET = core turbine exit temperature, (Fig. 3)
same type, reported by Baligand et [dl1], misrigging was found W = airflow rate, kg/s
also to produce a change mainly in factdr Temperature profiles Wi = fuel flow rate, kg/s
were not found to exhibit a systematic change as in the cas®sbscript
discussed in the present paper. This feature could be useful in
order to distinguish misrigging from individual vane mistuning.
On the other hand, the pattern of modification factor deviations
is different from patterns of other compressor malfunctions, suékeferences
as fouling. The mistuning of variable geometry vanes results1] Muir, D. E., Saravanamuttoo, H. I. H., and Marshall, D. J., 1989, “Health
main|y in a Change of compressor flow Capacity, observed on Monitoring of Variable _Geometry Gas Turbines for the Canadian Navy,”
facto 1, whil compresso fulng resuls n bl flow capaciy . PSUED E1% S TUME WL IS0 Z0, g,
and efficiency reduction, as for example discussed by Tarabri

. ! “Fault Signatures Obtained From Fault Implant Tests on an F404 Engine,”
et al. [12]. The fact that fouling causes a systematic change of ASME J. Eng. Gas Turbines Poweirl6, pp. 178—183.

ref = reference value of performance parameter
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Using Sweep and Dihedral to
Control Three-Dimensional Flow
weinmer | IN Transonic Stators of Axial
U. Wenger compressors

Compressor Engineering,

Rolls-Royce Deutschland Lid. & Co. KG. The paper describes an advanced three-dimensional blading concept for highly loaded

Eschenweg 11 transonic compressor stators. The concept takes advan_ta_ge of the aerodynamic effects_, of
D-15827 Dahlewitz German’ sweep and dihedral. To the knowledge of the authors this is the first approach reported in
: y - - - ; -
the open literature that combines those two basic types of lean in an engine-worthy

H.-P. Kau aerofoil design. The paper makes a contribution to the understanding of the endwall effect
of both features with special emphasis put on sweep. The advanced three-dimensional
blading concept was applied to an Engine Section Stator (ESS) of an aero-engine fan. In
order to demonstrate how three-dimensional flow can be controlled, numerical analysis of
the flow structure in a conventional and an advanced stator configuration was performed
using a three-dimensional NavieBtokes solver. The numerical analysis showed the ad-
vanced blade improving both radial loading distribution and the three-dimensional end-
wall boundary layer development. In particular, a strong hub corner stall could be
largely alleviated. High-speed rig testing of the advanced ESS confirmed the concept and
showed good qualitative agreement between measurement and prediction. The work pre-
sented was closely linked to the development of the BR710 engine on which the advanced
ESS is in service today[DOI: 10.1115/1.1330268

Chair of Flight Propulsion,
University of Technology Munich,
Boltzmannstrafe 15,

D-85747 Munich, Germany

Introduction sweep, the second and main part of the paper deals with the ap-

The compression system takes a central role in weight and ¢ Iéfatlon of the tailored stacking concept to an engine section

reduction of aero-engines. In order to reduce parts count and im-tor(ESS of a transonic fan.
prove performance, stage loading must rise and the boundary lay-
ers on the aerofoils and the endwalls have to be well controlled. . .
The introduction and refinement of custom-tailored aerofoils,efsndwa” Flow Mechanisms Induced by Sweep and Di-
reported by Hobbs and Weingolfl], focused on the profile hedral
boundary layers. The first approach of accounting for flow fea- First of all a geometric definition of sweep and dihedral is given
tures near the endwalls were end bend concepts as given by Bse Fig. 1 The orientation of the aerofoil stacking axis is set in
hlke [2] and Robinsor[3]. The early end bend concepts wereaelationship to the flow field. The stacking axis is defined as pass-
based on a two-dimensional way of thinking although aimed atilmg through the center of gravity of each aerofoil section. As the
three-dimensional flow problem. The incorporation of end bendidade has stagger an axial lean as well as a circumferential lean
involves a certain degree of local aerofoil lean, which also cofeads to a combination of sweep and dihedral. This is difficult to
tributes to the net result. capture by the angle$ and » given in the meridional and axial
During the last few years the deliberate use of local aerofdilanes. The aerofoil is represented by a surface formed by the
lean in compressors has generated more and more interest ar@hf_@j’d of the individual aerofoil sections. That surface also repre-
believed to give another step change in compressor performang@dts the main flow direction at specific positions along the span.
LeJambre et al[4] demonstrate a 2 percent rise of polytropic The flow around the blade is given on an axisymmetric conical
efficiency on a multistage HP-compressor, which featured stati§eam surface. ) ] )
with bowed stacking lines. Nevertheless, there appears to be nd N sweep angle and the dihedral angle are defined using
common understanding of how local blade lean can be used!f§ coordinate systemy, yp, Zp positioned at the pinch poirit
control the three-dimensional flow and reduce the endwall lossgsthe stacking axis and the stream surface. Xpexis is posi-
in axial compressors. The problem of lean can be described ed on the line formed by the intersection of the stream and
sweepanddihedral, both terms having their roots in aircraft wingPlade surfaces. Thg, axis is normal to the blade surface and the

aerodynamics. The implications of sweep and dihedral are twtR axis is tangentia:(_to the bl?zde sgrfack(]e. Thr? swzlaep almghe
fold. There is a well-known two-dimensional flow effect, andiVen between stacking and tlzg axis. The dihedral angle is
there is a three-dimensional effect at the endwall, which is muﬁ;‘ven between thgp axis and its projection onto the stream sur-
more complicated and not fully understood. In order to help ifice: The angles and v can be expressed through the stagger

closing this gap, the first part of this paper describes the basic ﬂ&ngle)\, the stream surtace cone angiethe axial lean anglg,

. : : d the tangential lean anglgusing the trigonometric functions
mechanisms related to sweep and dihedral in the endwall reg e . o X .
and identifies causal links between blade stacking and the fl rived by Smith and Yeli5]. Positive sweeis obtained by

o . . oving the endwall sections parallel to the chordline toward the
behavior induced. With particular focus on endwall effects o pproaching flow. Moving endwall sections perpendicular to the
chordline into the direction of lift givepositive dihedral The

Contributed by the International Gas Turbine Institute and presented at the 4 ; ; ot ; : :
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, G rhySICaI |mpI|cat|ons_ of SW‘?ep?‘”d dihedral in the endwall region
many, May 8—11, 2000. Manuscript received by the International Gas Turbine InstaVve been covered in detail by mer and Wengdi6]. A sum-

tute February 2000. Paper No. 2000-GT-491. Review Chair: D. Ballal. mary of the key points is given here.
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Fig. 1  Definition of sweep and dihedral on a compressor Fig. 2 Classical and sweep-induced secondary flow compo-
aerofoil nents

case of a positively swept blade end, the metal blockage effect

-k d simil h ; As d d bincreases the endwall streamtube height ahead of the blade row
well-known and similar to that on wings. As demonstrated by regyjts in a higher inlet flow angle and lower inlet Mach

Stark [7|] in compresTor Cﬁscade.s' th? ﬁritical Mach nlumger fumber. This effect in isolation already improves choke and stall
inversely proportional to the cosine of the sweep angle. SWegp, 4in of the endwall sections at a fixed specific inlet mass flow
reduces shock-induced boundary layer separation and the relaéﬁ blading philosophy

loss. A (t:c:tr:pres;or glade rt(_)w of unlfortmthswe@p_e., ‘t’r?s't've The total of the individual sweep effects gives a more favorable
sweep at the hub and negative sweep at the chaing the sec- rofile pressure distribution in the wall sections. As the profile

ondary flow components generated is shown in Fig. 2. A streaify, jing' distribution sets pressure gradients across the blade pas-
line offset that begins at midpassage height at the blade lead e %ot only can profilepboundar?/ layers profit from sweep, t?ut

edge and increases in the flow direction is induced by the swegegcondary flow also can be managed. Early evidence in this re-

Endwall Effects of Sweep. The two-dimensional effect is

This results in a stream surface that is twisted and nonaxisymmegf-,  is given by the work of Stark and Barg@ii In a compres-

rc. 'I;lhe strea}m surface tthskt] atfn;l'dgle'ght creates a '_lé_‘I:ge SECOUHF cascade of uniform sweep, they found lower secondary losses
ary tlow vortex covering the Iull blade passage. The SWEeR yha nositively swept end of the blade. Much later Peng et al.

induced passage vortex is counteractive to the classical cr reported positive sweep at the blade ends improved endwall
passage flow at the hub and supports the cross-passage flow ajdi€as'in linear cascades at high incidence settings. However, first

casing. C'°$e to the en(_jwalls, the streamline offs_(_at is SUPPreSE8Atributions to a more detailed understanding of the sweep im-
and sweep-induced vortices are shed from the trailing edge. Those. o "secondary flow behavior were only given recently by
have the same sense of rotation as the classical trailing vortice ce[11] and Sasaki and Breugelmaft2]. Both publications

the hub and opposite direction at the casing. Therefore, the Skgsyaq at sweep of the blade ends and found positive sweep
ondary hflow pattern hafl a muli:hdhbl?hder level of complexity 'Rlearly having a beneficial effect on the three-dimensional endwall
swept than conventionally stacked blade rows. flow. The cross-passage flow and the corner stall could be re-

A key function is taken over by thendwall potential effect duced. resulting in i P
, g in improved endwall flow conditions and loss
aIready observed by Stafl’] and Stark and Gotthardﬁ]. TQ over at least a part of the blade row operating range. At the kink-
explain that effect, the endwall can be replaced by a mirror |maﬁ%

of the aerofoil. Then the endwall section can be discussed as m(te\?g::, tlﬁr::s:;r::sét |c|>gaf(;?nng vazpfoigdvb%rgdﬁszﬁiz.p?r?;gved
center section of a swept wing. According to swept wing theory, & formance over the entire operating range was achieved by
compressor blade row of_ positive sweep changgs the chord_ mgarten[13] using positive sweep in the hub of a highly
loading along the span, with the tendency of the lift force movin@ - Jed stator of a low-speed fan
rearward when approaching the endwall. The trailing vortices '
shed from the wall sections are known to reduce lift, although Endwall Effects of Dihedral. In aeronautics dihedral mainly
they induce an upwash and increased incidence in the approachimgacts the stability and flight characteristics of the aircraft. In
flow. Effectively, peak diffusion shifts toward the rear part of theompressors the prime driver for using dihedral is to add a radial
blade passage while overall diffusion is reduced. However, tiade force to the radial equilibrium of the flow between hub and
incidence close to the conto(effective incidencgis lower. casing. This effect is already incorporated in throughflow model-
There are mechanisms beyond the basic endwall potential effex. Streamtube height and static pressure change their radial pro-
that are related to the swirling flow within the compressor. In thi#e when dihedral is introduced. The magnitude of change is
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largely dependent on the blade aspect ratio. On a blade end ¢~
positive dihedral the streamtube diverges in the front part anc
converges in the rear part of the blade row. Consequently the inle
flow angle increases, but the endwall diffusion is alleviated by the
favorable streamtube distribution. Thinking in terms of a vortex
line representing the blade, there is a component of vorticity in-
troduced in the meridional planfl4] supporting the above-
described streamtube change. These mechanisms are based on
existence of an endwall in the sense of setting the radial equilib
rium, but do not include the endwall potential effect.

Taking an approach similar to that used in the case of sweef
the endwall potential effect of dihedral can be assessed by repla
ing the endwall by a mirror image of the aerofoil and looking at
velocities induced by a single vortex line representing that con-
figuration. Looking at a midchord position of the endwall sec-
tion, it can be concluded that positive dihedral reduces inducet
velocities on the suction surface and increases them on the pre
sure surface. Due to the opposite direction of induced velocities
on the two surfaces, the static pressure level increases all arour ~ Conventional Aerofoil Advanced Aerofoil
the section. The net result is a reduction of peak Mach numbe

Engine Section
Stator

and suction side diffusion. In contrast to sweep, an endwall sec Hub Section Casing Section
tion featuring dihedral maintains the style of its static pressure
distribution.
Dihedral also does not introduce additional large-scale vortice: i X )
Casing Section Hub Section

and therefore has little impact on the qualitative pattern of classi-
cal secondary flow. As proposed by the investigations of Sha . . . )

et al.[15], Place[11], and Sasaki and Breugelmdrig] there is a E%V'aﬁcedEggr'gfoi?secuon Stator (ESS) using conventional and
limited but not unique reaction of cross-passage flow to positive

dihedral. However, in those blade rows dominated by three-

dimensional endwall boundary layer separations rather than clas-

sical secondary flows, the off-loading effect of dihedral could sig-

nificantly reduce the extent of three-dimensional separations and ] ] )
redistribute the flow within the passage. The Blading Concept. The aerodynamics of the ESS involve

Mach numbers of just below unity and flow turning of beyond 50

Benefits of Sweep and Dihedral. With focus on the endwall deg in the hub region. The advanced aerofoil features strong
potential effect, the previous sections have shown the potential®fieep and dihedral in the bottom half of the blade height. The
positive sweep and positive dihedral to control local pressure gi@nventional and the advanced ESS are shrouded and were de-
dients within the passage. This gives the opportunity to focus @fyned to the same effective inlet and exit annulus areas. The
the improvement of the three-dimensional endwall flow. Whilgtacking of both aerofoils is shown as top view in Fig. 3. The two
sweep largely controls the chordwise loading distribution and igsofoils have identical space—chord and thickness—chord ratios.
some degree spanwise loading, dihedral primarily can be usedgigih use CDA-style profiles of equivalent camber and thickness
impact the radial pressure field. Regions of sharp transition Rgsiribution. The metal angles of the two aerofoil variants are
tween the leaned endwall portidpositive sweep or positive di- chosen on the basis of identical incidence and exit flow angle
hedra) and the conventionally stacked portion of the blade are {0, jated in Q3D modeling, i.e., radial equilibrium and metal
be avoided as they are similar to configurations of negative sw Bckage effects are include’d. T’he maximum inlet metal angle
or dihedral, which generally produce increased aerodynamic lo Fference between the two aerofoils was 2 deg at the hub.

ing and loss. The application of positive sweep and positive dihedral to the
ESS was focused on the area of highest aerodynamic distress, the
hub region. The stacking chosen addresses the radial Mach num-
Advanced Aerofoil Design ber and tgrn!ng distripution as well as the fact that a bour!dary
e ) o ) layer of significant thickness enters the blade row on the inner
In the past, work was limited to investigations of either sweeRa||. For that reason secondary flow and three-dimensional sepa-
or dihedral in low-speed cascades or machines. To the knowledg@ons tend to be more severe in the lower than in the upper part
presented here is unique in open literature for two particular regpre even loading across the blade height. In effect it also gives
sons. First, the concept combines the two-dimensional and engitional “off-load” to the hub as well as the casing section due
wall effects of sweep with those of dihedral to give local flow, the endwall potential effect. Sweep was introduced in the hub
control. Second, the concept was successfully applied to a trgBgion to gain choke margin and drop diffusion along the inner
sonic stator of a real aero-engine. wall, thereby increasing blade section operating range, while re-

The blade row concerned is the BR710 Engine Section Staflicing drivers for secondary flow and endwall separation.
(ESS, which was certified in mid-1996. To demonstrate the aero-

dynamic performance impact of the three-dimensional bladingNumerical Results. Similar to the problem of three-
concept, two variants of the ESS have been numerically assesdedensional relief found by Wadia and Beacli6], the setting

with regard to sectional loading and secondary flow generation.o& incidence near the wall becomes a critical issue with blades
conventional aerofoil featuring radial stacking serves as a reféeaturing strong sweep and dihedral. Therefore, the numerical as-
ence when looking at advantages of the advanced aerofoil, sesssment of the flow field in the ESS was performed using a
shown in Fig. 3. Due to the promising numerical results, only tharee-dimensional Navier—Stokes solver. The code used for the
advanced ESS configuration was tested on a high-speed fan pigesent investigations is an in-house product that is based on the
Major results of the numerical and the experimental investigatioBS OB3D code of Dawe$17—19 and includes further improve-

are reported in this paper. ments to the basic version. Among other changes the time step-
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ping scheme, the multigrid function and the implementation of the Fractional Surface Length s/S
turbulence model have been addressed. The code still uses a
single-blockH-type mesh. Fig. 6 ESS loading distribution at 5 percent blade height,

Al calculations were performed using the Baldwin—Lomax turspNs prediction, design point
bulence model and were run in multigrid mode. The grid size was
460,000 points. For the advanced ESS configuration the grid in
the meridional plane and around the leading edge is shown in Fig.
4. Both ESS configurations were modeled using identical relati\ﬁeo
mesh spacing functions chosen for sufficient resolution of the flo
close to the surfaces. Low grid stretching factors were used in

dimensiong1.2 aX|a_IIy, ;.2 radially, and 1.3 C|rcumfe_rent|al|yn' the results presented are based on a boundary layer thickness of
the absolute flow direction the entry of the calculatlo_n doma_un 5 percent of ESS height. As shown in Fig. 5, for the design
aﬁguvtvjfsﬁ hr?trld ggtiz?]?jeo(; BhithZ%ngeeg%?j' t;g gﬁgli}lfhteh'fé d cint, the measurements acquired in the advanced ESS rig confirm
?I]ow splittergTh)é calculation Fc)iomain engs 1.5 chords downstre A assumptions made. The measured inlet total pressure profile is
of the trailiﬁg edge and includes the rig tra\./erse plane 2T %mtually identical to the one modeled. The whirl angle distribution

: indicated by a wedge probe measurement shows agreement within

The inlet boundary conditions of the ESS were provided by oo "
Q3D model based on a streamline curvature analysis of test dgﬁ% deg. The procedure of setting inlet conditions for the ESS

s S . gle row calculation was consistently used for all of the three
taken on an earlier rig build incorporating the same fan blad8perating pointgdesign, near stall, near chokeiscussed in this

paper. Therefore, the boundary conditions used in the numerical
assessment of the ESS are known to a sufficient degree of accu-
racy. They represent a good basis for the comparison to experi-

tal temperatures and absolute whirl angles were taken from that
fSD model with no modification. The total pressure profile was
odified at the hub to reflect a turbulent inlet boundary layer. All

g .
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Fig. 5 ESS inlet conditions at the design point, 3DNS model- ©
ing and rig measurement L
0.0

Table 1 Operating points considered

Fractional Meridional Length m/C_

Operating Point Near Design Near
(On Design Characteristic) Choke | Point Stall (
; fe Fig. 7 Relation of circumferentially averaged local flow axial
Flgw Fung tion (normalised velocity X density ) of the conventional and the advanced ESS,
using design value) 1.042 1.000 0.925 3DNS prediction, design point
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Fig. 8 Isentropic Mach number distribution and streamlines on the suction surface, loss distribution at the
trailing edge plane, conventional and advanced ESS configuration, 3DNS prediction at near choke, design and

near-stall condition

mental results obtained from the advanced ESS rig test. The fléoil designs. The hub section of the advanced blade shows a load-
rates corresponding to the three operating points considered g reduction in the front portion and a loading increase in the rear
listed in Table 1. portion of the chord, with suction side total diffusion being much
As the degree of sweep and dihedral, and therefore the resultingre favorable on the advanced aerofoil.

flow effect, is strongest in the hub region of the aerofoil, discus- The modified static pressure field of the advanced design blade
sion is focused on that area. Figure 6 compares the isentropassage changes the behavior of the profile and endwall boundary
Mach number distribution on the aerofoil obtained from thredayers as well as the magnitude of blockage produced by boundary
dimensional Navier—Stokd8DNS) analysis in a section at 5 per- layer separation in the near-endwall region. As detailed later, end-
cent blade height of the conventional and the advanced ESS cuwall separations and the large hub corner stall dominating the flow
figuration. There is a significant reduction of the peak suctigpattern at the lower flow path was significantly reduced in the
surface Mach number achieved on the advanced aerofoil. Thisadvanced ESS configuration. The massflow was redistributed in
mainly caused by the two-dimensional and endwall potential eéhe passage and also in the near field ahead of it. This is illustrated
fect of positive sweep. Streamtube effects and the endwall potém+ig. 7, which shows the relative difference of the local circum-
tial effect of dihedral also contribute to the net result. In particiferentially averaged massflogexpressed through the product of
lar, the endwall potential effect of positive sweep can be identifiexkial velocity and densifybetween the advanced and the conven-
when comparing the distribution of chordwise loadiidifference tional blade plotted as contours in the plane of relative meridional
between suction and pressure side Mach nujniifethe two aero- length and relative blade height. The comparison is made on the
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basis of the same overall entry flow to both ESS configurations  0.52 0.085
The ke =0-contour identifies locations of identical local massflow
in the two ESS’s. The figure shows that at blade row entry the
advanced configuration passes about 2 percent less flow near t~
hub and casing and 2 percent more flow in the middle of the flow &
path. With the degree and sign of the sweep and dihedral used ar
based on statements made in the paragraphs above, a flow defi@ 0.44
at the blade row entry would be expected at the hub, but not at th.2
casing. However, there are additional flow mechanisms that ar
important. The strong reduction of the corner stall size at the hut &
of the advanced ESS configuratigvisible as quite a large flow 8
excess over the conventional stator in the hub-trailing edge re%
gion) leads to less flow passing the upper portion of the flowpathy~ 0.36
which also affects the casing leading edge region. As demon ¢,
strated here, in highly loaded blade rows, flow redistribution is'*g
very much controlled by the viscous three-dimensional endwaILg;')
boundary layer behavior that occurs as a reaction to phenomer
qualitatively explainable with inviscid theory.

Major advantages of the advanced ESS configuration are foun 0.28_6 ' _'4 ' ") . (') - é . 40.025
in terms of design point and off-design performance. Figure 8 o
shows the predicted 3DNS flow field of the conventional and the Inlet Angle B, - BL op [ ]
advanced blade compared at three stage operating points: near
choke, design, and near stall. There are isentropic Mach numlér. 9 Total averaged static pressure rise and loss coeffi-
contours and streamlines plotted along the suction surface of gi@nt, conventional and advanced ESS, high flow constant
aerofoil and the calculated loss distribution plotted in the bladB8a" Mach number loop, 3DNS prediction
row exit plane.

A primary flow feature of both ESS configurations is a corner

stall flow pattern present at both blade ends but more eVIdentV\%rd midspan. Loss distributions remain uniform across the span

the hub. Corner stall is basically a result of the cross-passage ﬂ%en approaching the stall regime, although the corner stall re-
driving the well-known classical passage vortex and washing yp 0 .o~ 1o midheight ’

endwall boundary layer material up the suction surface. Corner

L

0.065

0.045

Loss Coefficient g,

interact and separate from the suction surface. This does not nggrcent of design speed. ESS inlet conditions were again obtained
essarily require reverse flow. When the corner s_taII grows and g¢tsm a Q3D model matched to test data. The variation of the
more severe, a complicated pattern of three-dimensional sepajgerating point was achieved by applying a radially constant off-
tion lines, attachment lines, and foci can occur. Reverse flow dat to the inlet angle distribution and setting exit static pressure to
likely to be involved in these cases. maintain mean inlet Mach number. This investigation considers
The flow field of the conventional ESS features a large huerformance changes along a constant mean Mach number loop
corner stall that grows into a more salient feature of the floyather than along the stage characteristic.
pattern as the stage is throttled. At any condition the corner stallThe resulting total averaged values of the static pressure rise
structure in the conventional ESS is more complex than in th@efficientAp/q, and the total pressure loss coefficigiy, are
advanced ESS and the blade row performance is clearly limited pptted in Fig. 9. The loss loop of the advanced stator is lower at
a flow phenomenon occurring in the hub region. As a result of tliesign inlet flow angle and significantly wider than calculated for
blockage of the corner stall, the casing sections remain moderattiig conventional stator. In the high power range the advanced ESS
loaded. Looking at the corner stall pattern on the advanced aeha&s advantages over the conventional ESS in terms of efficiency
foil configuration, there is less tendency of the hub boundary layand operating range. Through observation of the left-hand side of
material washing up the suction surface in the front portion of ttiBe graph one concludes that the pressure rise characteristic drops
aerofoil where the sweep-induced passage vortex delays crosé-rapidly as choke is approached. Based on a loss of 5 percent,
passage flow. There is stronger radial migration of endwall bounidte advanced blade gained an additional choke margin of 2 deg of
ary layer fluid in the rear portion of the aerofoil, where crosghlet angle. Also, on the stall side of the operating range, the loss
passage pressure gradients are increased through the loading Shithe advanced stator stays far below that of the conventional
induced by the endwall potential effect of sweep. This is indicatédfator and its static pressure rise characteristic rolls over at a
by the slope of the three-dimensional separation line along thigher mean inlet flow angle. Assuming stall at peak static pres-
suction side in Fig. 8. sure rise, there are another 2 deg of operating range gained by the

In particular, toward stall the topology of the corner stall show&ilored stacking of the advanced aerofoil configuration.

a complex structure including more than one three-dimensionaIComparison to Experimental Results. The flow field of the
separation/attachment line and a number of singular pés®e advanced ESS configuration was investigated on a fan rig facility
Tobak and Peakg20] and Perry and ChonfR1]). An in-depth allowing surface pressure measurements at various blade heights
discussion of these phenomena is not within the scope of thifd area traverses at about one chord length downstream of the
paper. However, it is important to mention that in the convenrailing edge(see plane 2T in Fig.)3 The surface static pressures
tional blade row the separation line that represents the envelopehafe been converted into a static pressure coefficient using ESS
the corner stall region builds a barrier to the approaching floilet reference pressures. The inlet total pressure distribution was
(involving significant local reverse flow In contrast, the ad- measured at the leading edge. Pressure tappings on the two end-
vanced blade row separation lines are more in line with the maivalls provided an inlet static pressure distributi@ssumed lin-

flow direction and therefore produce drastically less blockagean. When plotting the difference of suction and pressure side
The losses in the exit plane of the advanced ESS indicate a huriessure coefficienhc,, rather than the absolute quantities, dif-
corner stall region, which is much flatter but moved radially toferences in chordwise loading distributions can be observed. This
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Fig. 10 ESS loading distribution at 5 percent blade height,
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exercise was done for the 3DNS results of the two ESS variar 25—
and the test result of the advanced aerofoil. Figure 10 looks agi<C “.&
at the design point and 5 percent ESS blade height. There is re% Q.
tively good agreement between the measured and calculated p
sure distribution of the advanced aerofoil. The predicted rearwa
movement of the loading due to the endwall potential effect i

Fig. 11  Loss coefficients in plane 2 T, advanced ESS, 3DNS
prediction and measurement, design point and near-stall con-
dition
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Fig. 12  Circumferentially averaged whirl angle and loss dis-
tribution in plane 2 T, advanced ESS, 3DNS prediction and mea-
surement, design point and near-stall condition

sections of positive sweep is confirmed by the test results. The
measurements also show that the effect is even more pronounced
than that predicted.

Pneumatic five-hole probe measurements taken at plane 2T re-
vealed that the actual flow pattern is similar to the predicted flow
pattern but with evidence of some clearly defined local differences
(see Fig. 1L A contribution to this quantitative disagreement of
the measured and predicted flow pattern was found to be an un-
steady rotor—stator interaction, which is generally present but not
always considered when taking pneumatic measurements in tur-
bomachinery. In the present case fast response probe traverses
revealed inlet flow angle and pressure fluctuations that caused
cyclic changes of the ESS wake pattern.

The time-averaged flow pattern seen by the pneumatic probe is
a smeared picture of the time-dependent flow pattern. This is true
at the design point and even more pronounced at the near stall
condition. Figure 11 shows the predicted and the measured distri-
butions of total pressure loss at plane 2T for these two operating
points. Although the overall appearance of the loss pattern is simi-
lar for 3DNS prediction and measurement, the measured trailing
edge wake of the aerofoil is much wider and not as sharp as
predicted. The corner stall regions measured at the hub and the
casing are more extended in the circumferential as well as the
radial direction than they are in the 3DNS prediction. On the other
hand, the measured peak loss values are significantly lower than
predicted. This proved to be just partly an unsteadiness effect, as
the time-accurate passage flomot presentedstill showed stron-
ger corner stall and blockage than the 3DNS prediction. Consis-
tent with that observation, generally higher surface Mach numbers
were measured.
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height can be observed in both results. In addition, the agreement
of measured and predicted distributions is better at the near stall
condition, especially in terms of whirl angle.

In Fig. 13 total averaged loss and static pressure rise are plotted
versus normalized fan core stream flow function. Again mass-
averaging was used. The measurement on the advanced aerofoil
shows significantly higher losses and less static pressure rise all
across the operating range. The measured losses rise more rapidly
as stall is approached, but the pressure rise characteristic is nearly
- at the same slope as the one predicted. In contrast to the 3DNS
Measuring Plane 2T results for the conventional aerofoil, the measured as well as the
r . . predicted pressure rise characteristic for the advanced aerofoil has
§ Design Point < not rolled over at the near stall condition. As emphasized earlier,
% <4 Near Stall this was one of the objectives when introducing sweep and dihe-
5> é b Near Choke o_Ir_aI to the_advan_ced aerofoil. In addition the total avergge_d quan-
L ] tities, and in particular the losses, do not adequately highlight the
deficits of the conventional aerofoil as the axial velocity profile
used for mass-averaging is strongly degraded in the hub region.

Nevertheless, these results suggest that the integrated param-
eters predicted by the 3DNS code on the conventional and the

0 | advanced ESS give the right trend but do not reliably indicate
051 3] : absolute levels.

Conclusions

The aerodynamic endwall effects of sweep and dihedral were

oy described. A summary description of the range of mechanisms
0.92 0.96 1.00 1.04 1.08 involved in these two features was presented. Positive sweep and
positive dihedral reduce endwall losses and increase the operating
range on compressors stators.

To the knowledge of the authors, this is the first time sweep and
Fig. 13 Total averaged static pressure rise and loss in plane dihedral have been combined in an advanced blading concept for
2T, advanced ESS, 3DNS prediction and measurement transonic compressor stators and the results published. The con-

cept was applied to the engine section stator of the BR710 engine,
leading to an engine-worthy design, which is in service today.
A three-dimensional Navier—Stokes code was used for the nu-

Nevertheless, when looking at the reaction of the flow field tmerical assessment of the new blading concept. A conventional
changing the operating point from design to near stall, agreememd an advanced aerofoil were compared with respect to the de-
between 3DNS and measurement becomes evident. There octaited flow field and the resulting performance parameters. Those
a radial straightening and a balanced growing of the overall wakew features limiting the performance of the conventional blade
structure. The profile boundary layer in the midportion of theow—the most important of them being a large hub corner stall—
aerofoil and the corner stall regions at the hub and casing batiere identified and could be alleviated in the advanced design.
slowly grow. This was one of the goals of the stacking concept of Despite the qualitative rather than quantitative nature of the
the advanced ESS. 3DNS assessment, relative comparison of the numerical results

Qualitative agreement of 3DNS prediction and measurementaiowed a concept for three-dimensional flow control in the blade
also revealed by circumferentially averaged performance parapassage to be set up and indicated significant advantages of the
eters. For the 3DNS as well as the test results mass-averaging waganced aerofoil in terms of local flow structure and overall per-
applied. In Fig. 12 the radial profiles of measured and predictéormance at design and off-design conditions. The numerical
loss and whirl angle are plotted for the design point and the neamalysis showed that the advanced blade improved the radial dis-
stall condition. The distributions obtained from 3DNS analysis dfibution of loading and the development of the three-dimensional
the conventional aerofoil are also shown for better assessmeneofiwall boundary layers. As a result of positive sweep, the end-
the advanced aerofoil results. At both operating points the 3DN@ll low-energy fluid tends to be transported farther toward mid-
prediction shows a flat loss and whirl angle profile across ttspan, enhancing the radial mixing process.
inner 60 percent of the blade height. In the portion at about 15High-speed rig testing of the advanced ESS confirmed the new
percent from the endwalls, higher loss and underturning is foulthding concept. Qualitative agreement between measurement and
due to secondary flow and the associated corner stall occurring3iaNS prediction was found with respect to the local flow pattern,
this region. Directly at the endwalls, negative loss and overturnitige radial distribution of circumferentially averaged parameters,
can be observed since high-momentum fluid replaced the loand the overall pressure rise characteristic. Good qualitative
momentum inlet wall boundary layer. The measured profilexgreement was found in terms of local flow field changes occur-
qualitatively agree with the predicted radial trend, but the me&ing when the stall regime is approached. In quantitative terms,
sured loss is at a slightly higher level with endwall losses extentiewever, some well-defined differences were present, which are
ing further toward midspan. The measured exit swirl angle profifgartly due to the tendency of the 3DNS code to underpredict loss,
is mainly higher and flatter than predicted. Both loss and whignd partly caused by unsteady rotor—stator interaction found in
angle show significant differences between the measurementtba machine.
the advanced blade and the 3DNS prediction on the conventional
blade in the lower 30 percent of blade height.

Measurement and 3DNS prediction show the same flow ﬁeﬁjcknowledgments
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Analysis of the Interrow Flow
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This paper relates to two-dimensional laser two-focus (L2F) anemometry measurements,
conducted in a transonic research high-pressure compressor. Curved glass, which con-
forms to the shroud contour, was used. The resulting optical distortions of the control
volume were corrected using an original and inexpensive optical assembly. Synchronized
measurements were performed on two surfaces of the-1@br interrow region. Par-
ticular care was taken in evaluating the capabilities of our L2F technique to accurately
describe a flow field with strong gradient. The results presented show that the flow field is
dominated by the moving oblique shock and its interaction with the IGV wake.

[DOI: 10.1115/1.1328085

Introduction aerodynamic effects on the global flow field, especially in tran-

At the present time. the high-speed multistage compressor is onic or supersonic field®]. In the case of measurements in the
P! ’ 1Igh-sp 9 p Sinity of the blade tip clearance, the disturbance can be of the
most crucial component with regard to the performance of a t

a W me order of magnitude as the phenomena under investigation.
o . . aﬂ‘lerefore, curved glass windows, which conform to the outer
phenomena occurring in such a machine are not still fully undega, hath contour, are preferable. However, the curvature leads to
stood, and thus are often neglected in the design procedur.e.sgg ical distortions of the laser beams passing through the win-
time-accurate three-dimensional numerical codes are promisiys |n the case of LDA, these distortions increase measurement
in such configurations they are more often than not restricted tqQ,gcertainties, caused both by the deformation of the measurement
nonviscous version. A classic multiblade row calculation methgghjyme and by changes in measurement locaftlh11). Durett
consists of coupling the results of stationary calculations appliggl 51.[12] have designed a lens to correct these aberrations. In the
to isolated adjacent blade rows, with assumptions being made {@fse of L2F anemometry, the problem is rather different and the
the coupling. But the transport of secondary flofpassage and effects are more severe. The distortions created by curved win-
tip vortices, wakes and shock waves, eteith change of frame, dows hinder the creation of acceptably focused spots in the con-
is not well known and has an effect upon the whole flow structurgo| volume and could even prevent the acquisition of any data at
particularly in transonic flow$1-3]. Thus, detailed and reliable a||. These distortions have been studied by Ottavy €il4], and
fast response measurements are needed to qualify and to calibsat®mple and inexpensive optical assembly to restore acceptable
the numerical codes. Three-dimensional laser anemorf®Blis  foci was proposed and adapted to the investigated compressor.
now operational, but it leads to real problems with regard to ac- Measurements, synchronized with the rotation of the rotor,
cess to the flow channel of real high-speed, small-scale compragre performed in the IGV-rotor interrow region. A sectién
sors. Global nonintrusive techniques like Particle Image Velocimormal to the free-stream direction, and a blade-to-blade surface
etry[6,7] and Doppler Global Velocimetr}8], are very attractive, B, at 50 percent section height, were explored. This investigation
but at the moment, in addition to access restraint, they are notisgresented in two parts. The first part of this paper relates the
accurate. Therefore, two-dimensional laser anemometry still rexperimental arrangement. Then the results are presented, includ-
mains the most suited technique. ing an evaluation of the measuring capabilities of the L2F system
A research program devoted to detailed measurements witliinthe shock wave region. In Part Il of this paper, the evolution of
an axial transonic research compressor, representative of the finst IGV wakes, the shape and the location of the oblique shock
stage of a high-pressure ratio compressor, has been undertakeme emanating from the leading edge of the rotor blades and
jointly by SNECMA and the LMFA. This compressor is com-their interaction, are studied. Furthermore, the flow field is ana-
posed of an inlet guide var(#GV), a rotor, and a stator. The laserlyzed using decompositions in terms of temporal and spatial av-
two-focus anemometer used in this study was designed in tBeage values and fluctuating components.
Laboratory to reduce acquisition time without sacrificing accu-
racy. Particular care was also given to estimating the measurement
accuracy, especially in terms of time-discretization and of the Cexperimental Facility and Instrumentation
pability of the seeding particles to follow the flow, which is sub-
jected to strong deceleration through the shock waves. The Investigated Compressor. The investigated compressor,
Small, thin, flat glass windows typically provide optical accessalled ECL4, designed and built by SNECMA, is composed of an
to the compressor flow field. This results in a mismatch betweénet guide vane, a rotor, and a stator. It is characterized by very
the window surface and the casing, which can induce perturbzigh aerodynamic loading. At the design point, the pressure ratio

tions. Even if these are very local, they can lead to substantial2.25 and the specific values of the mass flow and the rotating
speed are, respectively:
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+0.5deg in this experimented configuration, and mean velocity
measurement error does not exceetl5 percent. The case of the

: i regions of strongly decelerated flowshere the lag of the particle
optical access | i is more sevenewill be considered below.

section A

Optical Access With Curved Windows. The need to have
large optical access without introducing any mismatch between
the window and the shroud contour led us to provide a curved
window. Due to the geometric and pressure characteristics of the
compressor, the radius and the thickness of the curved glass used
are R;=253 mm ande;=2.9 mm. This window, called hereafter
the “shroud window,” induces an optical distortion of the laser
beam passing through it. This distortion is increased if a nonzero
angle is present between the axis of the L2F system and the local
vector normal to the window surfag¢angles® in the meridional
section andy, in the azimuthal section As the principle of the
L2F two-dimensional anemometry technique consists in measur-
ing the time-of-flight of particles between two spotlights created
by two tightly focused parallel laser beams resembling light
cones, it is evident that the size of the focus volume has to be
minimized in order to maintain good measurement accuracy and
high light intensity. Moreover, the geometric characteristics of the
Nred:# =0.36 (2)  control volume(distance between the two spots and their angular

Yo position have to be known exactly. So, these distortions were

The inlet guide vane introduces an inlet counterswirl to the rotsfudied[13], and an optical assembly, whose principle is pre-
at design speed, in order to increase the work capacity of thgnted below, was adapted to the investigated compressor to re-
stage. The rotor blades are characterized by a very low aspéi@e acceptable foci. If we consider the reference case in which
ratio (<0.9) and high solidity. The variable-stagger stator vanei§ie light beams do not pass through any glass window, each focus
are characterized by more conventional values of aspect rac@ssumed to be a geometric pd; (Fig. 3(a)). TheS1 andS2
(about 1.3 and solidity (1.65 at midheightthan those of rotor light surfaces are perpendicular to they) plane, within the light
blades. The ECL4 flow path is represented in Fig. 1. cone. In Fig. 8v) a plane window is inserted, perpendicular to the
axis of the light cone, between the focus and the frontal lens. The
The L2F Anemometer. The laser two-focus anemometersocysed spof has shifted slightly but, as the light cone angle
used in this studyFig. 2) was designed in the laboratory, baseqemains smaliaround 5 dey it is still very similar to a geometric
on the work of Schod[14]. The two spots constituting the mea-point. Let us now replace the plane window by a curved glass
surement volume are created by two light cones, with paraligh,qow that is shaped on a cylinder whose axis is parallel to the
axes and optical angles af5 deg, which are focused by the fron-(ol 2) direction, as shown in Fig.(8). On the one hand, the light
tal lens of the optical systeffiocal length 270 mm These essen- surfaces(S1, S2) focus on[F2F2'] (whereF is the midpoint

tially ellipsoidal spots have a diameter of about 2th and are : :
separated by a distang®of 0.5 mm. The light scattered by thebut, because of the window curvature, they do not intersect one

. : , :
particles convected by the flow is collected inside cones with gﬁother at their fO.C' but 4F1F1'] Qn the other hand, the I,'ght
apex angle of-10 deg surrounding the incident light cones. DugUrfaces perpendicular to th, 22 direction focus onF1F1’]

to the required high power, which leads to high experimentdNd intersect one another[&2F2’]. This results in two concen-
costs, improved data acquisition procedures have been develop@éed light zonegF1F1'] and[F2F2’'], which diverge when the

in order to reduce acquisition tinjé5]. First, a statistical analysis adius of curvature of the glass decreases and when the thickness
based on a hypothesis of noncorrelated variables, applied iringreases. In order to restore a sole focused spot, a second curved
weak form, is used. Second, to synchronize measurements in Wpdow (called the “corrective window}, shaped on a cylinder
tating blade passages, an optimal blade pitch partition is realiZ¢f0se axis is parallel to the, y) direction, is inserted between

by predicting the areas where no measurement is possible dudh@ shroud window and the frontal leigig. 3(d)). This second

the blade twist and light reflections on the blade surfaces. Once§indow induces similar distortions in thé, z) plane as the

the quantifiable uncertainties have been taken into account, flsiwoud window in the(x, y) plane. By optimally adjustingas

angle detection is generally found to be accurate to withigiescribed belowthe radiusR; and thicknes®, of the glass and
distanced between the two windows, a focus comparable to a
point F3 is obtained.

The focus error was analyzed by using two particular
beams within the light cone. This calculation was restricted
to the configuration where the axis of the cone is perpendicular
to the windows. By simply minimizing the focus error, expressed
as a function of the characteristics and of distadcéetween
the shroud and the corrective windows, and of the maximum
immersion Fl,, of the focus volume in the compressor
channel, the radius of the corrective windd® and the opti-
mized distanced between the two windows could be estimated
very well.

However, taking into account anglds; and »s would compli-
cate the calculation. Furthermore, we have to distinguish the two
corrective window focusing light cones, which create the two light spots, in order to

foresee the changes in the actual characteristics of the probe vol-
ume (angular position and distance between the two gpdtsus,
Fig. 2 Schematic arrangement of optical setup a numerical simulation, using a discretization of the laser cone

Fig. 1 Sketch of ECL4 compressor stage

shroud window

L2F system :
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without any window
—— ——a ———— with only a shroud window

with a shroud window and its corrective
window

axial position of the focus zones
predicted by the numerical simulation
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Fig. 4 Comparison of measured optical depths of field of
anemometer with and without windows

depth of field of the anemometer experimentally if using a curved
window. The immersion choice is 100 mm and the optimized
distance between the two panes of glasg=4s305 mm. In Fig. 4

the measured spatial resolution curves in three different cases are
plotted. In the first case, which was obtained without any window,
the evolution of the reduced scattered light intensity looks like a
Gaussian curve and leads to an optical depth of fig&fined at

the 1£? intensity poin} of 0.8 mm. The second case, where only
the shroud window is introduced, leads to a bad result: The ob-
tained signal is very low and the depth of field is two times
greater. Moreover, we can notice two maximum values corre-
sponding to the two focus zones described in Fig).3n the third

case, where the optimized corrective window is introduced, a
good result is restored: a high level, Gaussian-shaped signal, lead-
ing to a depth of field of 1.0 mm. We can observe that the nu-
merical simulation predicts the different positions of the focus
zones very well.

Last, it should then be noted that, when the L2F optical system
rotates, the control volume becomes unaligned with the shroud
window axis(y#0 deg. This leads to insignificant errors regard-
ing its characteristics: 0.3 percent for the distaddeetween the
two spots and 0.1 deg for the angular position of the measurement
volume, when the angular positignmoves from 0 to 90 de(for

e case withb =10 deg, =0 deg, and=1 =75 mm).

o

Fig. 3 Optical distortions of a laser cone passing through
windows

and initialized with the corrective window characteristics deduc
from the previous analytical solution, was developed to predi
the four free parameters, which characterize the corrective win-Seeding. The compressor was seeded with a polydisperse
dow (R, e, 7., and®,), distanced between the two windows aerosol of paraffin oil, through a movable smoke prédenm in
for each immersiofirl, and the actual characteristics of the contradiametey located 50 diameters upstream of the measurement
volume. point. The liquid droplet size distribution was measured with a
By applying this study to the tested compressor, a suitable C®DA technique to be between 0.5 anguéh (the mean value is
rective window was determined, with a thickness=1.9mm, a approximately 1um). We have checked that, in our case, the
radius R;=470 mm, and a maximal distance between the tweffects of the centrifugal forces on the particle trajectory is quite
panes of glassiy,,, equal to 190 mm(for the maximum im- negligible. But the recovery distance, for particles crossing an
mersion Fl ., of 80 mm. The improvement of the shape ofoblique shock, increases rapidly with particle diameter. A calcu-
the focus volume can be highlighted by considering the caggion, based on the works of Mellifd 6], has been made for a
where the cone passes through the shroud window of the comprsw with an upstream Mach number of 1.25, deflected with an
sor, without any corrective window, withb,=10deg, s angle of 4.5 deg. It shows that, for paraffin oil particles, whose
=0 deg, and~I=75mm. The numerical evaluation of the longi-mean diameter is less thanum, the distance to reach the flow
tudinal characteristic size of the focus volume gives260um.  velocity downstream of the shock is approximately 6 mm. This
The minimal value is reached with the use of a corrective windobias will be discussed below.
with & .= —29.8 deg,n.=0 deg, andl=95 mm. In that case, the
longitudinal sizd is only 5um. This value is approximately three Ragylts
times lower than for the case where the light cone passes through
a single plane glass window of an equal thickness. Furthermore, &Measurement Location. A section normal to the free-stream
setup was realized to control the spatial resolufilmmgitudinal direction (called A) and a blade-to-blade surface at 50 percent
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1007 0 the rotor chord, upstream of the rotor leading edge. Measurements
% 10 were taken from 15 to 95 percent section height. The blade-to-
0 - 20 blade surfacé is described from sectiof up to the rotor leading
= || Foo edge region. The experimental mesh of the two measurement sur-
< £40 faces is shown in Fig. 5.
Es"‘ §_50 Due to the axial thrust and thermal dilatations of the machine, a
230 ] 8 procedure was defined for positioning the L2F control volume
.§40- 25 during compressor operation. The uncertainty of the axial and
§ao H— B0 radial locations of any measurement point is then estimated to be
20 T +0.15 mm.
104 100
0 T 110 ) Flow Field Description in Section A Normal to the Free-

IGV blade pitch (%) axial chord of the rotor (%) °  Stream Direction. The results shown hereafter deal with the
flow field in section A normal to the free-stream direction,
Fig. 5 Experimental mesh of surfaces A and B expressed in the absolute frame, i.e., relative to the IGV. There-
fore, the location of the rotor blades is time dependent. The re-
sults are presented through iso-value maps in which the abscissa
section heighfcalledB) have been explored. By using 20 differ-is the angular position normalized by the IGV pitch and the or-
ent azimuthal locations, 110 percent of the IGV pitch is coveratinate is the radius expressed as a percentage of the section
and the IGV wake is captured with around ten azimuthal podieight.
tions, so it is well described in the absolute frame. The acquisitionThe contour maps of the mean absolute velotffythe mean
of data was synchronized with the rotation of the rotor. The timagbsolute angler, and the velocity standard deviatien, are re-
between the passage of two rotor blades was discretized into grectively presented in Figs. 6, 7, and 8 for four different posi-
intervals, which correspond to ten spatial positions in the relatiti®ns of the rotor blade roexpressed as a percentage of the rotor
frame. pitch timeT,). The IGV wake, characterized by a deficit in veloc-
At midspan, sectiomA is located at 31 percent of the IGV ity (Fig. 6) is clearly visible at around 90 percent of the IGV pitch.
chord, downstream of the IGV trailing edge, and at 28 percent t§ slight change in location and the hub-to-tip evolution of the

D 1 W M 40 M O T B W 010 @ 0 30 3 40 50 83 To a0 0 100110 @ W 20 M 40 5 M TD B B0 00 110 0 % A % 45 % &0 TO M S0 M 1M

VGV biade pitch (%) 1BV biade pitch (%) 1GV biade pitch (%) IV blade pitch (%)

Fig. 6 Contour maps in section A of the absolute velocity V for four different positions of rotor blade row

w0 tea = 10%

—

100 tea=80%

&

]

saction height (%)
[

o

090 20 3 40 50 00 70 B0 B0 WOR 0 030 30 40 B0 S0 TO B0 B0 100410 omx-munnmrummm p1umwnmumwumm
IGY blade pitch (%) 1GV blade pitch (%) IGV blade pitch (%) IGV blade piich (%)

Fig. 7 Contour maps in section A of absolute angle « for four different positions of rotor blade row
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Fig. 8 Contour maps in section A of velocity standard deviation ¢, for four different positions of rotor blade row

flow angle observed in Fig. 7, arise from the radial twisting of thenderturned on the pressure side of the wake and overturned on
trailing edge of the IGV. Outside the wake, the velocity distributhe suction side. For instance, if looking at the maptaj
tions present oscillations in the circumferential direction resulting 80 percent, the flow angle is5 deg on the pressure side of the
from the oblique shock emanating from the rotor leading edgeake at 60 percent of section height and reach&g deg on the

and from the expansion waves due to the convex suction sidesoiction side. We can observe in Fig. 8 that, as expected, the high-
the rotor blades. As the rotor moves in the same direction ast levels of velocity standard deviation are located within the
the increasing IGV angular values, the shock is located at the lefake (the same is true of the angle standard deviation, not shown
of the high-velocity pocket. Thus, the four relative positions ofiere. A pocket of high-velocity fluctuations is moreover notable
the rotor presented in the figures correspond to a time when thear the casincentered at 90 percent of section hejghtmoves
shock has just crossed the wakig.,= 10 percent, wherd,.q with the shock and probably results from the shock/wall boundary
=(t—t.e)/T,), a time when the wake is within the expansiordayer interaction.

zone, just before the passing of the shdtk,=80 percent and The time-averaged absolute angle and velocity fields calculated
two intermediate time 4= 30 and 60 percentWe can observe from the L2F results are compared with those obtained with a
that the strength of the shock is greatest at midheight and its shapee-hole mean pressure probe in Figs. 9 an®1.0rhis probe is

is fully three dimensional. The wake tends to disappear in tltomposed of three joined tubes with 0.7 mm diameter. In spite of
expansion zone, whereas it deepens after the shock. This is all éheoorer spatial resolution of the probe measurements, we observe
more noticeable as the shock is strofag around 60 percent of a rather good agreement, especially for the angle evolutions. The
section height Regarding the absolute angle in Fig. 7, we obglobal difference observed on the velocity levels is probably due
serve high positive values within the wake just after the passingtof the poor reliability of the pressure tap of the probe in such a
the shock and negative values when the wake is in the expansilow field, the probe size being around half the wake width. A
zone. As the IGV outlet blade angle is negative, this means teecondary flow zone, characterized by an over deviation and an
expansion overturns the wake, whereas the shock turns it in teder velocity, is clearly visible in the wake suction side/shroud
rotor speed direction. Moreover, at any given time, the flow isorner.

m/s e [ [ degree : ]
130 135 140 145 150 155 160 165 170 175 180 40 9 8 -7 6 -6 4 3 -2 1 0 1 2
pressure probe 100 pressure probe 100 L2F
| 90
80
3 g 70
E £ 60
2 2
2 2 50
! I o
] ] 30
20
10 PS SS 10 PS SS
b l.,‘l.,.,|.o—.,..|.J.A1.
0 50 100 0 50 100 0 50 100 0 50 100
IGV blade pitch (%) IGV blade pitch (%) IGV blade pitch (%) IGV blade pitch (%)
Fig. 9 Comparison of time-averaged absolute velocity fields Fig. 10 Comparison of time-averaged absolute angle fields
obtained in section A with L2F and “three-hole” pressure obtained in section A with L2F and “three-hole” pressure
probe probe
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Fig. 11 Contour maps on surface B of the absolute velocity V for four different relative positions of rotor blade row

Flow Field Description on the Blade-to-Blade SurfaceB at pitch intervals(also called measurement window#t is seen in
50 Percent Section Height. The results obtained on the bladeFig. 14 that the deceleration through the shock spreads out 20
to-blade surfaceB located at 50 percent section height are prepercent of the blade pitch width. This gradient distance, observed
sented through iso-value maps in which the abscissa is the axdalwhatever blade pitch partition is set, corresponds to the previ-
distance expressed as a percentage of the rotor blade chord, @msly estimated recovery distance of particl@snm). Neverthe-
the ordinate is the angular position normalized by the IGV pitcliess, we have checked that flow parameters downstream of the
As above, four timest,.q= 10, 30, 60, and 80 percgnare ex- shock(deceleration level and deviation angkre well restored,
tracted from the ten acquired times. The contour maps of tleeen if it is with some delay. Moreover, the difference in the time
absolute velocityv, the absolute angle, and the velocity stan- average velocity for the 10 and 20 window cases is less than 0.03
dard deviatiornoy are, respectively, shown in Figs. 11, 12, and 13ercent. Therefore, if seeding with/dm particles, it is pointless
The IGV wake, the oblique shock wave emanating from the leatb overrefine the blade pitch cutout. On the contrary, the accuracy
ing edge of the rotor blades, and the expansion zone are cleasfythe determination of the shock locatigassumed to be at the
visible. On the whole, the same conclusions regarding the beh#&eginning of the deceleratiprs directly connected with the width
ior of the wake through the moving shock, as those deduced frawhthe measurement window enclosing it. Furthermore, the gradi-
the results obtained in sectigqn can be stated. ent downstream of the shock can spread out two or three adjacent
The interrow flow field is dominated by the moving obliquenindows wide, depending on the position of the shock inside the
shock and the interactions that it generates. Therefore, before dfivat window.
lyzing each of the structures as well as their interactions, it seemdn strong gradient regions, the spatial variation of the velocity
to be very important to evaluate the capabilities of our L2F tecinside a measurement window leads to a bias in the measured
nique to describe a flow field with strong gradients accurately. standard deviations. For instance, if considering a laminar flow
field with linear variation of the velocity fronv, to V, within a
Evaluation of the Measuring Capabilities in the Shock window, a simple calculation leads to a velocity standard devia-
Wave Region. Among the various causes, the discretization afon such as:
the rotor blade pitch and the behavior of the seeding particles play
a great part in the measurement uncertainties registered in the IV,— V|
shock wave region. Series of measurements were made in a wake- Uv=1—2 (3)
free point of sectiorA, with various number§\,, of rotor blade 2v3

MY (1T ¢ = 60

tea=10% = 30%
= frea r 11 B 1 48

g 2 & 3 8 a 8B ¥ #
5 B ¥ B B E B M

110

-30 -0 30 -0 -0 -
axial chord of the rotor (%) axlal chord of the rotor (%) axial chord of the rotor (%)

-2 -'ﬂ
axial chord of the rotor (1)

Fig. 12 Contour maps on surface B of the absolute angle e for four different relative positions of rotor blade row
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The measured standard deviation in a strong gradient region
can thus be decomposed into a real part and a fictitious part only
due to the spatial variation of the velocity inside the window. The
time evolutions of the absolute velocity and the associated stan-
dard deviation at a point located on surfaBe in a wake-free
region, 5 percent of the rotor chord upstream of the leading edge
of the rotor, are presented in Fig. 15. The highest levels of the
standard deviatiomry are observed in the shock regigmoint P1)
and in the expansion zor(@oint P2). The values, measured at
any pointP, result from the integration of the flow parameters
within the measurement window, centered on p&nand whose
width is 10 percent of the rotor pitch. In accordance with the
previous expression, Eq3), the fictitious standard deviation
reaches about 9 m/s at poidil and 3 m/s at poinP2. Therefore,
at both points, the real standard deviation reaches about 7 m/s, i.e.,
the level of the standard deviation measured outside the strong
gradient zones. The measured values of the standard deviations in
regions of high-velocity gradients have thus to be considered with
great care because they are biased. By overrefining the blade pitch
cutout, the fictitious part of the standard deviation would decrease.
But, as seen above, this refinement is actually of interest only if
efforts are made as to the size and the monodisperse character of
the seeding particles.

Conclusion

L2F measurements have been performed in the interrow region
of the transonic compressor, provided with large curved windows.
The induced optical distortions have been fully prevented by us-
ing an original and inexpensive optical assembly. The data ob-
tained show that the flow field is dominated by the moving shock
emanating from the rotor, and its influence on the IGV wake. The
accuracy of the measurements is evaluated, especially in the
strong gradient regions of the flow. It is seen that the deceleration
level and the deviation angle are well restored but with some
delay, mainly due to the size and the polydisperse character of the
seeding particles. It can be concluded that, with care, the data
bank obtained is reliable for analyzing the structures present in the
flow field, and their interactions.
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Nomenclature

D = characteristic linear dimension of compressor
F = focused spot location
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FI = immersion(distance between probe volume and
outer surface of shroud window
N = rotating speed
N,, = number of measurement windows
P = measurement point location
R = radius of curvature of the glass window
S1, S2 = light surfaces
T = temporal period
T, = stagnation temperature
V = absolute velocity modulus
d = distance between outer surfaces of two curved win-
dows
e = thickness of glass window
| = longitudinal length of measurement volume
m = mass flow
po = sStagnation pressure
r = specific gas constant
t = time
X, Y, z = Cartesian coordinates
& = angle between axis of L2F optical system and nor-
mal to glass window, in meridional section
a = absolute velocity angle
v = ratio of specific heats
v = angle between direction defined by two foci and
axis of curved shroud window, in perpendicular
plane of L2F optical system axis
6 = distance between two light spots
v = angle between axis of L2F optical system and nor-
mal to glass window, in azimuthal section
o = standard deviation
Subscripts
¢ = corrective window
max = maximum value
r = rotor
s = shroud window
V, a = polar components of the velocity vector
red = reduced value
ref = reference value
0 = inlet conditions
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Analysis of the Interrow Flow
Field Within a Transonic Axial
xavier Oty § Compressor: Part 2—Unsteady
Isabelle Trebinjac FIOW Analvs's

An analysis of the experimental data, obtained by laser two-focus anemometry in the
IGV-rotor interrow region of a transonic axial compressor, is presented with the aim of
improving the understanding of the unsteady flow phenomena. A study of the IGV wakes
and of the shock waves emanating from the leading edge of the rotor blades is proposed.
Their interaction reveals the increase in magnitude of the wake passing through the
moving shock. This result is highlighted by the streamwise evolution of the wake vorticity.
Moreover, the results are analyzed in terms of a time-averaging procedure and the purely
time-dependent velocity fluctuations that occur are quantified. It may be concluded that
they are of the same order of magnitude as the spatial terms for the inlet rotor flow field.
That shows that the temporal fluctuations should be considered for the three-dimensional
rotor time-averaged simulations[DOI: 10.1115/1.1328086

Andre Vouillarmet

Ecole Centrale de Lyon,
Laboratoire de Mécanique des
Fluides et d’Acoustique,

UMR CNRS 5509/ECL/UCB Lyon |,
69131 Ecully Cedex, France

Introduction shock wave emanating from the leading edge of the rotor blades
- . . . . and their interaction. If the 20 investigated azimuthal locations
. A critical Issue for _the turbomachlnery mdustry remamns thg ver 110 percent of the IGV pitch and allow a good description
tlme-av_erage_d S|mulat|c_>n of mult|ste}ge tur_bomachmery. Cla§5| the IGV wakes in the absolute frame, they make up a field that
three-dlr_nensmnal multlbla_de row 5|mula_t|on meth_ods consist |8 hot wide enough to restore the whole flow field in the relative
connecting results of stationary cglculatlons applied to 'S°|a;T§me. Therefore, the spatial—tempoftahorochronit periodicity
adjacent blade rows, the information between the rows usuafy ] is experimentally checked and applied to the data. Further-
being exchanged through mixing planes. A circumferential avesore, the flow field is analyzed, in terms of temporally and spa-
aging procedure yields time-averaged conditions along these {pyjly averaged values and fluctuating components, using the de-
terrow planes. Nevertheless, unsteady blade-row interaction Ragnposition developed by Adamczyk et F]. The purely time-

repercussions on the time-averaged f{dw3]. Bardoux et al[4]  gependent velocity fluctuations especially are quantified.
provide an interesting review of numerical results using mixing-

plane methods and more complex approaches using deterministic
correlation models. The authors highlight the shortcomings gﬁ .
such methods, which are mainly due to the fact that only spat? V Wake and Rotor Oblique Shock
correlations are modeled. From time-dependent numerical result§ easurement Location. The data were collected in section
in a transonic turbine stage, they perform a direct computation gf normal to the free-stream direction, and on a blade-to-blade
all the correlations in order to evaluate their influence on the timgyfaceB at 50 percent section height. At midspan, sectiois
averaged flow field. Regarding the experimental results availalfated at 31 percent of the IGV chord, downstream of the IGV
in the literature, few can be used to calculate these determinisgiiling edge, and at 28 percent of the rotor chord, upstream of the
correlations. Thus, from the data bank obtained from the measufgtor leading edge. The blade-to-blade surfBde described from
ments performed in the interrow region of a transonic compressgpctionA up to the rotor leading edge region. The data location is
our main subject of interest is the evaluation of the temporal cagiven in Fig. 1.
relations, which represent the unsteadiness of the flow. Without ) o - ] )
claiming to build any model for the computation of these correla- Flow Field Decomposition. - In addition to three-dimensional,
tions, we propose to give some clues to the orders of magnitudef@gfoulent, and viscous effects, nonuniformities and unsteadiness
the temporal correlations relative to the spatial correlations. due to the rotor—stator interaction introduce major complexity in
In the first part of this paper, the results of laser two-focu§€ analysis of the flow field. This problem can be simplified by
(L2F) measurements performed in the IGV-rotor interrow regioflecomposing any flow variab¥(r,z,6,t) into averagedX and
of a highpressure ratio compressor were presented. They providéuatuating X’ components. Such decomposition can be applied
detailed data bank for a comprehensive description of the interr@igher in the absolute frame or in the frame relative to the rotor. A
flow field and for a validation of numerical simulations. It isfirst decomposition stage consists in writing:
pointed out that the flow field is dominated by the moving oblique —
shock emanating from the rotor blade leading edge and its inter- X(r,z,0,)=X(r,z,6)+X'(r,z,6,1) 1)
action with the IGV wake. v _ *
In this Part 2 of the paper, the experimental data in the com- X(r,2,0)=X(r,2) + X*(r.z,6) 2)
pressor are further discussed, with special attention to the evoWith
tion of the IGV wakes, the shape and the location of the oblique x (r 7 ¢,t) =instantaneous value at any given location
X(r,z,)=time and blade-to-blade averaged valoe axisym-

Contributed by the International Gas Turbine Institute and presented at the 43H{btric Vame

International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger-— . . .
many, May 8-11, 2000. Manuscript received by the International Gas Turbine Insti- X~ (I',Z, §) =blade-to-blade fluctuating component of time-
tute February 2000. Paper No. 2000-GT-497. Review Chair: D. Ballal. averaged value
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Fig. 1 Data location

X'(r,z,6,t)=periodic temporal fluctuating component, clocked

with rotor frequency.

The fluctuating components are exclusively periodic because
the L2F data acquired in each rotor blade channel are super
posed. Note that all the mean values are obtained with an ari

metic averaging process.

Iﬁd 3 Streamwise evolution of the stator wake blade-to-blade

Uctuating component of the time-averaged velocity at 50 per-

cent of span

A further decomposition can be applied to this last term and

will be expressed later.

IGV Wake. The measurements have been realized in the agity) at 90 percent. From 15 to 90 percent of span, the angle
solute frame and the |nyest|gated azimuthal cha_tmns, coveriggolutions indicate that the flow is overturnéeigher negative
110 percent of the IGV pitch, allow a good description of the IG\ajyeg on the suction side and underturned on the pressure side of
wakes. The measurements performed in secfolead to a de- tne wake. This is consistent with the wake feature of an isolated
scription of the radial evolution of the stator wake. The feature @fizde row. In the end-wall regiof®5 percent of spanthe wake
the wake is described by the blade-to-blade periodic fluctuatigqth is very large, which is probably partly due to the radial
components of the time-averaged velocity in the absolute framgjgration of low-momentum stator blade boundary layer flow to-
V*(r,z,0), and anglea™(r,z,0). These components are showrward the shroud.
in Fig. 2, versus the angular position normalized by the IGV pitch, The streamwise evolution of the stator wake blade-to-blade
for four immersion values. The wake width at 50 percent sectidtuctuating component of the time-averaged velocity, from section
height is about 10 percent of the stator blade pitch and, exceptfatp to the rotor leading edge, is drawn in Fig. 3, from the mea-
95 percent of span, it remains more or less constant along t@ements performed at 50 percent of sanfaceB). Along this
section. The maximum defect in velocity at 50 percent sectiafistance(from 30 to 70 percent of the IGV axial chord, down-
height is 23 m/s(i.e., 13 percent of the free-stream velogity stream of the trailing edgethe wake width increases slightly,
whereas it reaches 40 mifise., 24 percent of the free-stream vewhereas the maximum defect in velocity decreases to half the
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Fig. 2 Blade-to-blade fluctuating components of the time-
averaged velocity and angle, versus the angular position nor-
malized by the IGV pitch, for four immersion values

58 / Vol. 123, JANUARY 2001

value obtained in sectioA.

Rotor Leading Edge Shock. In order to analyze the oblique
shock wave emanating from the leading edge of the rotor blades,
it is more suitable to make a transcription of the data obtained, in
the frame relative to the rotating blade row. However, the field
that has been investigated is not wide enough in the circumferen-
tial direction to restore the whole flow field in the relative frame,
S0 it is necessary to hypothesize spatial-temp@tabrochroni¢
periodicity. Such a procedure, which excludes distortions moving
in the circumferential direction at a fraction of the rotor speed
(rotating stall, for instangeand requires an axisymmetric up-
stream flow field, is usually applied in numerical simulations
where the calculations are performed in one channel only. It has
been experimentally checked and applied to the obtained data.

Let us consider the IG\(stato)y with Ng blades, and the rotor
with N, blades, of the investigated compressor. The time varia-
tions of any aerodynamic paramedéy; (t) at a fixed pointP ,, of
the stator—rotor interrow region are assumed to result from the
perturbations arising from the rotor blades moving downstream
(Fig. 4). Thus, the temporal perict of the measured signa is
connected to the spatial period of the rotor blade pas§zlgee
pitch ®,) by its rotating spee@ (0, =w-T,). Let us now con-
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Fig. 5 Contour map of the relative time-averaged Mach num-
ber at midspan and analytical shock location

as well as the acceleration due to the expansion waves are clearly
Fig. 4 lllustration of the spatial-temporal periodicity visible. The shock is nearly normal around the leading edge and
turns oblique upstream.
An analysis of the shock pattern is proposed by means of the
calculation of the “unique incidence condition,” assuming a two-
sider another poinP,, located at the azimuthal coordinatg dimensional cascade flow with an axial subsonic velocity compo-
such thatd,=60,— @4 (where O is the stator angular pitgh nent. This calculation, which is valid for a started supersonic cas-
PointsP,, andP,, are defined as homologous. Rt,,, signal cade with sharp blades, is extended to include the effects of
X4(1) is under the same rotor perturbations, but phase-shifteddetached shock waves in the case of a blunt leading 8lg&he
total pressure losses, leading to a blockage factor, are obtained by
Xpa(t) =Xp1(t—¢) ®) integration along a pitch, assuming the shock wave degenerates to
So the hypothesis of the spatial-temporal periodicity consist§e Mach line upstream of the adjacent blade. The axial stream
in linearly linking the time and the circumferential distance. Th&ontraction is taken into account by means of an additional block-

phase shiftp is expressed by: age factor, calculated from the geometric convergence of the
channel. This procedure yields the inlet flow angle and the shape

—(1- N/ | O, @) of the detached shock wave at a prescribed inlet flow Mach num-

= Ny © ber. In the present case, the conditions upstream of the bow wave

are not constant. The value ofdMis therefore not known and is

The phase shift has been experimentally checked for I : ;
pairs of homologous pointdocated at 0—100 percent and 10“i%%lculated by time-averaging the Mach number at a point located

110 percent of the IGV pitgh and for each of the ten axial in the wake-free region of sectioh This way of determining the

! X . . relative inlet flow Mach number has been validated bybimgc
locations investigated on surfa& That leads to an estlmatedand Claudin[9]. It leads in the present case togl1.14. The
mean value ofp (expressed as a percentage of the rotor tempor@élculation of the inlet flow angle leads then . — Bie
p?”"d T Of.17'5 percent. The theoreqlcal yalue picalculated =0.3deg. The agreement is all the better as the difference value
with Eq. (4), is 19 percent. The small disparity observed between yiiin the measurement errors. The predicted shape of the

thfet?]e tv_vo vlalues (I:tan l?e atttrr:buted to the dlzferenatas_ 'tn sh ck wave is superimposed onto the experimental results in Fig.
of the signals resulting from the measurement uncertainties. Wehe cajculated detachment distance is 0.8 mm, whereas it is

can therefore assume that the spatial-temporal periodicity is w; yperimentally estimated to be 0.7 mm. All these analytical re-

verified. . sults are very satisfactory in spite of the simplifying assumptions.

this hypothesis of spatial—temporal periodicity, and by tim%?.'or.eo"er’ such a simple integral method is a useful tool for pre-

averaging the values in the relative frame, the mean inlet relati
flow is restored. The contour map of the relative Mach number
Mg at 50 percent of spafsurfaceB) is presented in Fig. 5, where IGV Wake and Oblique Shock Interaction. The time-

the abscissa is the axial distance expressed as a percentage ofi¢ipendent behavior of the IGV wake, interacting with the shock,
rotor blade chord and the ordinate is the angular position normé&-presented in Part 1 of the paper and is briefly illustrated in Fig.
ized by the rotor pitch. The strong deceleration through the sho6k by comparing the azimuthal evolutions of the instantaneous

sh, experimentally and numerically speaking.
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- velocity for two times(i.e., positions of the rotor row relative to
the IGV). In this example, the axial location of the data is very
close to sectiorA.

The time-averaging process described above isolates the wake
(by averaging in the absolute frame of referenmethe shockby
averaging in the relative frameThe effects of the shock/wake
interaction are now evaluated by quantifying the temporal fluctu-
ating components of the velocity and the angle. If the temporal
fluctuations are calculated in the absolute frame, the effect of the
moving shock on the wake feature can be quantified. Among all
the results obtained on surfa@e for ten positions of the rotor
blade row, two contour maps of the temporal fluctuating compo-
&0 % 505 o510 nents of the velocityV'(r,z,6,t), and angle,«’(r,z,6,t), are
IGV blade pitch (%) extracted for two timesi.e., two positions of the rowhighlight-

ing the shock/wake interaction. These maps are presented in Figs.

Fig. 6 Two azimuthal evolutions of the absolute velocity at 7 and 8, where the abscissa is the axial distance expressed as a

midspan, for two different times

percentage of the rotor blade chord and the ordinate is the angular
position normalized by the IGV pitch. In both figures, regarding

péh:h ?1

3

IGV blade

axial chord of the rotor blade (%)
(&) (&

(=1

Fig. 7 Contour map on surface B of the temporal fluctuating component of the ve-
locity for two different times

Ly h-.. .
-0 -1 [} -0 -10
axial chord of the rotor blade (%) axial chord of the rotor blade (%)

(a) (b)

Fig. 8 Contour map on surface B of the temporal fluctuating component of the angle
for two different times
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Fig. 9 Schematic description of a moving shock wave inter-
acting with the vorticity linked with a wake

the encircled zone, case)( corresponds to a time before the
shock has crossed the wake = (t—t,)/T,=30 percent)
whereas caseb corresponds to a time just after the passage of

the shock {,.4= 60 percent). In caseaj, the wake is mainly in 110 Rt e EV SN Lol
the expansion region and fluctuatiov$ reach high positive val- o 50 100 150 200
ues. This means that the wake is accelerated more by the expan- rotor pitch time (%)

sion waves than is the wake-free flow, and the magnitude of the ) )
wake will decrease before passing through the shock. In dgse (Fig- 10 Contour map of the radial component (2, of the vortic-
fluctuationsV’ in the wake reach high negative values after pasly calculated from the experimental data

ing through the shock, so the wake deepens below the shock.

Regarding fluctuationsy’ (Fig. 8), the flow within the wake

comes under higher deviations than the free-wake flbigher If the wake is assumed to be two dimensional, its velocity field
negative values of’ before the shock and greater positive valuels described in ther{, r, 7) coordinate system by two compo-
after the shock nents,V,(n,7) and V.(n,7). The associated component of the

Moving downstream, the level of the fluctuations, averaged worticity is:
the wake, increases globally by 50 percent. However, that does NV
not mean the interaction is stronger because, a great part of the Q=——+——" (8)
fluctuations arises from the increasing strength of the shock when an a7

approaching the leading edge of the rotor blades. By decomposingsjng this model and neglecting the terms representative of the
these fluctuations, as proposed below, the part due to the sh@glqstationarity of the density field in the relative frame, the exter-

can be separated from the part due to the interaction proper. ng) forces, and the turbulent and viscous stress tensor in the basic
Thus, the shock wave modifies the wake, which is a lowsqyation, the change i, can be written as:

momentum fluid zone, much more than the wake-free flow. Such
behavior is corroborated by analyzing the evolution of the station- dQ, 1 9V, dV,

ary wake vorticity through the moving oblique shock. The vortic- dt =~ p “or  on (Un+Vy) ©)
ity transport equation, for compressible viscous flow, derives from

the application of the rotational operator on the momentum equa-'t IS clear from this equation that the changelnis brought by
tion. In the absolute frame, it is written as follows: a stationary term and a nonstationary term by the normal compo-

nent of rotor speedl , . These two effects are cumulative and lead
i . . .. Odp _——1 ___ to an increase in the magnitude of vorticfty , whatever its sign.
ry +(V-grad)Q— (Q-grad)V= —- T grad—/\gradp Figure 10 shows the contour map of the radial compofndf
P P the vorticity, calculated from the experimental data. The ordinate

-

{1 . is the angular position normalized by the IGV pitch and the ab-
+ rot(— -div( 7"-)) +rotf (5) scissaisthe time expressed as a percentage of the rotor pitch time,
P but two periods are placed side by side to make it clearer. The
where shock region is marked off by low positive values of the magni-
tude of Q},, whereas the wake boundaries are characterized by
high values. The increase in magnitude(®f in the interaction
zone of the wake with the moving oblique shock is clearly visible.

. . ... This corroborates, as mentioned above, that the wake deepens
In order to quantify the effect of the oblique shock on the vorticitya|ow the shock.

of the wgkg, tpe most gonverlient coordinate system is coordinate

system(n, r, 7) wheren and r are, respectively, the unit direc- . . .

tion vectors normal and tangent to the shelg. 9). The pattern Purely Time-Dependent Velocity Fluctuations

of the oblique shock, emanating from the rotor blade leading edgeAdamczyk Decomposition. As mentioned above, a discrimi-

and extending upstream of it, is assumed to be imposed by &, jecomposition of the periodic temporal fluctuating compo-

wake-free incoming supersonic flow. Its moving in the circumferﬁem in the absolute fram&’(r,z,,t), is achieved in order to
ential direction is taken into account by the time derivative of thgxtract the effect of the shock}w’alie ’interaction roper. This de-
fluid density in the absolute frame. This time fluctuation i proper.

clocked with the rotor blade-passing frequency and can thus %mposmon was proposed by Adamczyk et[al

dp dp

a9 +V-gradp (6)

written as: X'(r,z,0,t)=X%,(r,z,0)+X"(r,z,6,t) (10)
d 1 I Then:
a—fzﬁp—u-gradp @) ) B B
X(r,z,0,t)=X(r,2)+X*(r,z,0) + X}, (r,z,0)+X"(r,z,0,t)
with 8p/ét the time derivative of the density in the relative frame. (12)
Journal of Turbomachinery JANUARY 2001, Vol. 123 / 61
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V(r,2,0,t)= \27(r, z)+ V(t,2,0)+ Via(1,2,8)+ V'(,2,0,1)
] @ &) “

it

M

v,

rotor

o) -8 ) axial chord of the rotor blade %

) ) . Fig. 12 Contour map of the normalized unsteady correlations
Fig. 11 Comprehensive sketch of the Adamczyk decomposi-

tion of the velocity

Vi (r,z,60)-Vi,(r,z,0) induced by the shock wave in sectidn
The first two terms are those resulting from the previous stagdlich is about 1221iis’. The contour map of the normalized

of the decompositioi2), in the absolute framé?fm(r,z,e) isthe unsteady correlation is shown in Fig. 12, where the abscissa is the

spatial fluctuation of the time-averaged flow in the frame relati nlglltﬁstgrndﬁﬁa?épi;efﬁgdaﬁgu?aeegggﬂitgr?engzr;g?izrgctio[))?lflr?ee chh\(;rd

to the rotor.X"(r,z,6,t) is a purely time-dependent fluctuationpitch, As expected, the high levels are located within the wake,
that arises from the interaction of phenomena occurring in diffefyhere the unsteady correlation reaches 80 percent of the maxi-
ent frames. This term is also called “deterministic fluctuation,” asnum spatial correlation. It remains more or less constant from
opposed to the randofor nondeterministicfluctuation that arises sectionA up to the leading edge of the rotor blades. That means
from the turbulence and other phenomena not clocked with tkige increase in the temporal fluctuations,(r,z, 6,t) mentioned
rotor frequency. In the present decomposition applied to the exbove, when moving downstream, is mainly due to the increase of
perimental values, the random part is excluded because it is thle spatial velocity fluctuation of the rotor time-averaged flow
ready averaged by the acquisition and reduction procedures tt\it, (r,z,6)), which is only due to the increase of the strength of
lead to the mean values of the modulus and angle of the velociie shock when approaching the leading edge of the rotor blades,
vector. Nevertheless, it is taken into account in the values of theéd not of the interaction propére., the unsteady fluctuations
standard deviation. Regarding the numerical approaches usinghese results show that the purely unsteady part of the deter-
such a decomposition, this random part is also excluded becauswiitistic correlations is of the same order of magnitude as the
is assumed to be modeled by a turbulence model. A comprehspatial part. But the relative strengths of the various parts of the
sive sketch of the decomposition of the instantaneous velocifgterministic correlations have been quantified only in the inlet
modulus is proposed in Fig. 11, in order to illustrate the differemotor flow field. In this region, the sources of unsteadiness are
physical meanings of each term. certainly of less importance than within the rotor blade r@w-

The time-dependent L2F data enable the calculation of eachstéadiness due to the normal passage shock, the blade boundary
the four terms of the decomposition of the modulus and angle lefyers, the secondary flows, and all the interactiofifien, the
the velocity vector. From the periodic temporal fluctuating contemporal correlations may be assumed to increase still further
ponent of the velocity in the absolute framé!(r,z,6,t), the within the rotor, and should not be neglected in the three-
stator deterministic correlation, which represents the averageithensional rotor time-averaged simulations. A numerical study
consequence of unsteady phenomena, can be calculated. This ebthe time-averaged flow in a transonic single-stage turbine, re-
relation can be decomposed into a purely spatial part, two spatialized by Bardoux et a[.10], led to similar conclusions. The au-

temporal parts, and a purely unsteady part: thors demonstrate that the temporal correlations are of a greater
— _ order of magnitude than the spatial correlations inside the rotor.

V'(r,z,0,t)V'(r,z,0,t) =V}, (r,z,0)-Vi,(r,z,0) These temporal correlations illustrate the oscillation of the rotor
— passage vortices and the chopping of the stator wakes. To return

+VE,(r,2,0)V"(r,z,60,t) to the present investigation in the compressor, future work should

include measurements within the rotor and the analysis of a three-

+V"(r12,9,t)‘_fe|(r:21 0) dimensional unsteady simulation, thus confirming the significant

role of temporal correlations compared to spatial correlations.

+V"(r,z,0,t)-V'(r,z,0,t) (12)

Let us mention that, in the various models that handle the ig_onclusmn. ) . .
teraction between blade rows, all the correlations, except theBy analyzing the time-dependent L2F results obtained in the

purely spatial one, are usually neglected. interrow flow field of a transonic compressor stage, the effects of
the rotor leading edge shock wave/IGV wake interaction can be
Results evaluated. This analysis is performed by implementing tools usu-

ally used in numerical works, to reduce the experimental data.
The purely time-dependent correlativfi(r,z, 6,t)-V"(r,z,6,t) A comprehensive description of both the IGV wake and the

has been calculated from the L2F results on surfBceThe shock emanating from the leading edge of the rotor is made. The

values obtained are normalized by the spatial correlati@xperimental shock pattern is compared with the shock pattern
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deduced by an integral method. The very good agreement means *
the analytical calculation can be considered as an easy and quick ”
tool for giving information, useful for the initialization of numeri-
cal simulations.

The effect of the shock/wake interaction proper is quantified by R
calculating the purely time-dependent correlation occurring in the n
Adamczyk decomposition. This temporal correlation proves to be T
of the same order of magnitude as the spatial correlation. That r
tends to prove that temporal correlations should be considered ired
the three-dimensional rotor time-averaged simulations, so as theyref

spatial fluctuating value
purely time-dependent fluctuating value

Subscripts

relative to the rotor

component normal to the shock
radial component

rotor

reduced value

reference value

will probably increase inside the rotor. rel = relative to the roto(for a time-averaged process
s = stator
Nomenclature 0 = azimuthal coordinate

<
o

<.C

o))
9 9D & 6 R @{ONr—rﬂ'UD—hLX<C—|_UZ
Il

relative Mach number
number of blades
measurement point location
temporal period

rotor velocity vector, modulus

velocity vector, modulus

flow parameter

external forces

coordinate normal to the shock
pressure

radial coordinate

time

axial coordinate

vorticity vector, modulus
angular blade pitch

absolute velocity angle

phase shift

rotation speedrad/9

azimuthal coordinate

fluid density

turbulent and viscous stress tensor
coordinate tangent to the shock

Superscripts

= time-averaged value

spatially averaged value

= time-fluctuating value in the absolute frame
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7 = component tangent to the shock
1 = rotor inlet conditions
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Suppression of Rotating Stall by

Wall Roughness Control in

Vaneless Diffusers of Centrifugal
e shida § Blowers

Daisaku Sakaguchi By positioning the completely rough wall locally on the hub side diffuser wall alone in the

. . vaneless diffuser, the flow rate of rotating stall inception was decreased by 42 percent at

Hironobu Ueki a small pressure drop of less than 1 percent. This is based on the fact that the local

reverse flow occurs first in the hub side in most centrifugal blowers with a backswept

Department of Mechanical Systems Engineering, blade impeller. The three-dimensional boundary layer calculation shows that the increase
Nagasaki University, in wall shear component normal to the main-flow direction markedly decreases the

Nagasaki 852-8521, Japan skewed angle of the three-dimensional boundary layer, and results in suppression of the

three-dimensional separation. It is also clarified theoretically that the diffuser pressure
recovery is hardly deteriorated by the rough wall positioned downstream ef R2
because the increase in the radial momentum change, resulting from reduction in the
skewed angle of the three-dimensional boundary layer, supports the adverse pressure
gradient. [DOI: 10.1115/1.1328084

Keywords: Centrifugal Blower, Vaneless Diffuser, Rotating Stall, Three-Dimensional
Boundary Layer, Separation Control, Rough Wall

Introduction posed by Tsurusaki et dl6], in which jets were injected in the

Suppessionof unstable flow,such s ottingstal and surgeE AT GTECLon o Il roton,an arost compite sup
one of the key issues of turbomachinery. In centrifugal blowers 9 ' ’

with radial blade impellers, unstable flow is mainly caused b uires an additional energy for injecting jets. The counter-jets and

inducer stall, while in centrifugal blowers with backswept blad Oen:\r/]vtlr(l)fb\rlz?ggz plﬁ]ya:f}g rﬁl;gés?scr?haeskr;% tgi;gpgﬁggflsfroe@;
impellers, it is mainly due to diffuser stall, according to the resul Y, y 9 9 :

reviewed by Fukushima et dl1]. Whether it is due to inducer \ggllel ﬁligi?;t equivalent effect must be obtained by an increase in
stall or diffuser stall seems to be dependent on the diffuser inl The flow in vaneless diffusers is skewed and, in the case of

Qore-flow velocny'dlstortlon between hub.and shroud. The O.bjer%énall flow rates, a reverse flow occurs locally along the diffuser
tive of this study is to suppress the rotating stall observed in t I d ; I Its. The skewed boundary | in th

vaneless diffuser of the latter type blower without deterioratinga Sl an (;%ctatlng sta res‘f ts.d f_e sbewe oundary _ayerhlnt e
blower performance. aneless diffuser was analyzed first by Jans@nassuming that

Rotating stall in the vaneless diffuser is caused, in most Cas%‘}f?sffsﬁ&?n%{{grrrgrfo\t/vggtir ;‘Z?:?grtyt(i)nu:ﬁ edgl;ifi::gleggz egot\:t\;?:\éiré e
by reverse flow based on three-dimensional separation of tag the flow rate is decreased in most low specific speed type

boundary layer. In order to suppress the rotating stall |ncept|o§§ntrifugal impellers having backswept bla9], the local re-

many researchers investigated the effect of various devices: thr Ise flow occurs first on the hub side wall in the diffuser entry

ting at the diffuser exif2], reduction of diffuser inlet width1], region, and the separation region transfers from the hub side to the

circular cascade diffuser with a low solidifg], and variable dif- . " -
fuser guide vane with a low solidity in combination with the im.Shroud side at a downstream position. Rotating stall does not oc-

peller inlet guide vané4]. The low solidity cascade could suc.Cur even when the small three-dimensional separation region ex-

: - Ists steadily in the vaneless diffuser; therefore, the critical flow
cessfully suppress the boundary quer separation on the d'ﬁu.%ﬁzle for the rotating stall inception is smaller than the critical
wall because the secondary flow induced by the cascade mlﬁ1

sweep the low-energy fluid out of the cascade blade surface ow angle for the reverse flow inception by the factor about 0.88

e lfuser vall,and a combinaton of e low-soldy cascadg . 70 % IS Shaued e apayten, metiod tr e
and the inlet guide vane resulted in complete suppression of (=" ...~ = . e

tating stall Rgcently e e o cgmpletep;)uppression iy critical inlet flow angle, in which it was assumed that, for each
rotating stall was prdposed by Kurokawa et[&], which is the of the radial and the tangential components of the main-flow ve-

swirl breaker consisting of many shallow radial grooves distri jocity, there is a velocity gradient with respect to the depth at the

uted properly on the diffuser walls. In this case, the tangemigifijssfr:;?llg\tx;/ rate decreases, the reverse flow on the hub side wall
component of velocity is decreased markedly by the radiia}l| !

grooves, and the three-dimensional separation is suppressed dne diffuser entrance region reaches to the impeller exit; how-

cause the flow angle approaches the radial direction. This devi ﬁr' tg_lskre_l\_/ﬁrs_e ﬂOW. canrfmt entcte)lr |r]1|to the back5|d§ of _the |m(;
however, may result in a remarkable pressure drop because go disk. The inception of unstable flow seems to be triggere

N . an interaction between the local reverse flow on the hub side of
angular momentum dissipates markedly. Another device was p ﬁ,é vaneless diffuser and the jet-wake flow discharged from the

Contributed by the International Gas Turbine Institute and od at th 4impeller. Ishida et al[12] showed this result by analyzing the

ontributed by the International Gas Turbine Institute and presented at the ; L : . ~
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ge%:arn:'\latlon coefﬁment be.‘tween the radial and tangentlal compo
many, May 8—11, 2000. Manuscript received by the International Gas Turbine IndI€NtS Of velocity fluctuation. On the other hand, according to the

tute February 2000. Paper No. 2000-GT-461. Review Chair: D. Ballal. visualization work of the separation ring formed on the shroud
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casing wall in a centrifugal blower with the unshrouded radial 1 T T r T T
blade impeller[13], the rotating stall was not initiated by the —0—3=0.029
reverse flow on the shroud wall, but the unstable flow finally N

. o9l 31=0.088 |
occurred by the inducer stall as the flow rate was decreased fur- 920,147
ther. In this case, the reverse flow on the shroud diffuser wall A=0.14
enters smoothly into the tip clearance space and moves upstream ,08f
along the shroud casing wall toward the separation ring position,
then flows into the blade passage again. In other words, it is not

the cause of unstable flow if the reverse flow forms a stable recir- 07F ]
culation flow at the shroud side in the meridional space. Judging
from these two results, the rotating stall in the vaneless diffuser 06l ]

seems to be caused by the three-dimensional flow separation not
on the shroud wall but on the hub wall. It is a key point, therefore,

to suppress the reverse flow on the hub side. 0.5 L L L . .
In the present study, the authors have analyzed theoretically the 0 005 01 015 02 025 03
effect of wall friction on the wall-limiting streamline flow angle of ¢

the skewed boundary layer as well as on the diffuser pressure

recovery by using the three-dimensional boundary layer calculeig. 2 Change in impeller characteristics due to tip clearance

tion code based on the momentum integral metf&jd Calcula-

tions are conducted especially under the condition that the inlet

core-flow velocity is asymmetric with respect to the diffuser depttiffuser with an exit radius ratio of about 1.8. The axial tip clear-
in which the tangential component of inlet main-flow velocity isance of the impeller shroud was changed from 0.5 mm to 2.5 mm
lower at the hub side than at the shroud-side. According to thg inserting shims at the exit position of the vaneless diffuser. In
analysis, the three-dimensional separation zone on the hub side experiment, the impeller was operated at a constant speed of
wall decreases markedly in both length and height by an incres&@00 rpm. The hub-to-shroud distributions of time-mean velocity
in the wall friction coefficient, and it disappears if the frictionand turbulence were measured by a Pitot tube and a hot wire at
coefficient is about twice of the smooth wall. In order to avoid $our radial positions, as shown in Fig. 1; their radial positions are
large pressure loss due to an increase in wall friction, the roug=1.02 immediately downstream of the impeller exit and
wall is positioned locally on the hub side wall alone. It is verifieR=1.10, 1.18, and 1.57 in the vaneless diffuser. The characteristic
experimentally as well as theoretically that the locally rough wadurves of the test impeller are shown in Fig. 2, whetedenotes

has a marked effect on the diffuser stall suppression. The optie static pressure coefficient measure®at.02 and the param-
mum positioning of the rough wall is investigated experimentallgter “\” is the tip clearance ratio. The solid marks indicate the
for obtaining a maximum improvement in the diffuser stall limit aflow range in which the periodic unstable flow was observed
a minimum expense of diffuser pressure recovery. The reasaisarly by using the semiconductor pressure transducer. The un-
that the stall limit can be improved significantly by the locallystable flow is seen in a wide flow range, and a small disturbance
rough wall and that only a small drop in diffuser pressure recogppears near the inception point of unstable flow on the charac-
ery can be achieved by increasing the wall friction are clarifieigristic curve. The flow rate of unstable flow inception seems to
from the view points of the direction of wall shear stress as weithcrease with increasing the tip clearance mainly due to increase

as the momentum balance in the radial direction. in the diffuser depth.
o The clear periodic phenomena of rotating stall were observed at
Test Blower and Impeller Characteristics the large tip clearance af=0.147 so that the measurements were

The meridional section of test blower is shown in Fig. 1 whiconducted in detail at this tip clearance. The hub-to-shroud veloc-
was used in the authors’ previous stuf§]. The tested un- Ity distributions in the vaneless diffuser are shown in Figs) 3

shrouded centrifugal impeller has 16 backswept blades with 8R4 3P), which show the radial and tangential components of the

exit blade angle of 45 deg; the exit diameter is 510 mm, the eYlocity, respectively, measured 4t=0.131, slightly larger than
blade height is 17 mm, and its specific speed &€ stall inception flow rate. As shown in Fig(a3, the reverse

oo(= Y2~ 3%=0.43 at a design flow coefficient ap=0.27. ow does not occur a@R=1.02, the reverse flow zone appears first

; : ; : the hub side wall @&=1.10, and it appears on both shroud and
The experimental setup consists of a suction plenum tank wit ] - P . )
conical damper for the flow rate control, a test impeller, and ub walls atR=1.18. The three-dimensional separation on the hub

parallel wall vaneless diffuser. Air was axisymmetrically dis-
charged from the blower to the atmosphere through a vaneless

35 oo R
ettt 8 30 ,ﬂ""p— 1.18
= 53},. 5 Ry R 25 ok uq%j
Rotation 45(deg) il 0 \ 118
R =1.57— 5&\ NN b
— V2 asas Q)
A=1.18 Espf o €30 4 Mu‘% 1.10
A=1.10 L E 0 < dsgg110 35 it
R=1.02 S > . Rk <
b-0-0-0-b-00% 35
5 fvw 4] ‘2
] ; 30 1.02
- B- 0 1.02
M | $ 5 N N 25 Fshrouid side hub:side
of & 0.0 02 04 08 0B 1.0 00 02 04 06 08 1.0
a Y Y
. S (a) ®
[any
_ _ _ I [l  Fig. 3 Measured hub-to-shroud velocity distribution in vane-
less diffuser (¢=0.131, A=0.147): (a) radial component; (b)
Meridional section of test blower and impeller tangential component
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side wall atR=1.10 seems to be mainly caused by the distortio Wwall 2

of tangential velocity component of the core-flow at the diffuse (Hub) vm(m/s)
inlet; “Vu” is slightly lower at the hub side than at the shrou.0
side even though the radial component is higher at the hub si
As the tangential velocity component is about five times large
than the radial one, a small difference in the tangential compone vm
between hub and shroud results in a remarkable difference in c

'
trifugal force between them. The radial velocity near the hub sic J !
has to be decelerated remarkably to support the same adve.0 Z :
pressure gradient in the radial direction at both sides in the case "~~~ Wall1 “ 10 111213 14 15 16 17 18},
parallel wall diffuser. Therefore, the local reverse flow appea (Shroud) R
first at the hub side, which will be also analyzed theoretically in a
later section. Fig. 5 Calculated radial velocity contour in vaneless diffuser

under asymmetric inlet main-flow condition (¢=0.15, A=0.029,

Theoretical Analysis of Three-Dimensional Separation 4 Vu/Vum=0.02, AVm/Vmm=0)
Effect of Wall Friction on Three-Dimensional Separation

and Pressure Recovery. To calculate the three-dimensional
boundary layer on vaneless diffuser walls, the momentum integ
method developed by Senoo et [#] was adopted here, in which
the power law velocity profile popular in the two-dimension
boundary layer was assumed for the component of the main ﬂ(ﬁn
direction (s direction and another power law velocity profile
similar to the wall-jet one was assumed for the crossflow comp
nent normal to the main-flow streamliie direction as shown in
Fig. 4. In the figure Ve denotes the velocity vector at the oute
edge of the boundary layer, andand w denote the respective
velocity components of the flow close to the wallis the maxi-
mum skewed angle of the three-dimensional boundary layer. T
wall shear stress,, acts in the direction opposite to the velocityt

vector along the wall-limiting streamline, and and 7 are the moves upstream compared with the symmetric case. As the flow
components in the ands directions, respectively. @te was decreased further, not shown here, the depth of the hub

As the three-dimensional separation was affected significan{ de separation zone increased without extending the downstream
by a slight distortion of the tangential velocity component of thg p 9

; P : - : ..end of the separation zone, and another separation zone appeared
inlet core-flow, as shown in Fig. 3, a linear velocity gradient witfy" S ;
respect to the diffuser deptr? is assumed to A?\/e!%/Vum= at a downstream position on the shroud wall¢gat0.14, which

+0.02 only for the tangential component, while the radial velocit as similar to the flow pattemn measured#t0.131 as shown in

distortion is assumed to kEVmVmme=0 for simplicity, as shown ig. 3a).

in Fig. 5. The model calculation shown in Figs. 5 and 6 is Condirlr?er?sri((i)iraltosedz:g)t/iotr?ean%ﬁfﬁ; g]i(ﬁ\(JVSe”r fnrcetgosrlljrgnretgsvé?re&der
ducted at¢=0.15 and\ =0.029 (b/r,=0.069, the flow rate at P P y

which the three-dimensional separation appears. The mean f asymmetric core-flow condition, the wall friction coefficient
. ) = 5 . :
angle of the inlet core-flow is determined by the flow rate and tHifined byCr,=27s/pVe" is changed. In general, the wall fric-

slip factor recommended by Wiesngir4] using the velocity tri- 19N coefficient varies with radius, especially in the diffuser entry
angle relation. And the inlet boundary layer thickness is assumft?'o" if Cyy is determined by the function of Reynolds number

to be 5 percent of the diffuser depth on both walls because tHgSed On the boundary layer thickness. In the case of small flow
effect of the inlet boundary layer thickness on the thred@i€S: the boundary layers on both walls develop quickly and
dimensional separation zone was small. merge at a small radial position less thRa 1.2 because the flow

Figure 5 shows the velocity contours of the radial component in

angle at the shroud side, and the subscript 2 denotes the one at the
lt&’b side. The calculated results shown in Figs. 5 and 6 are the
case thatVu/Vumis —0.02 at the hub side edge of the core-flow
nd +0.02 at the shroud side, respectively, whilm is constant.
e negative values af,,; and «,,, in the wall-limiting stream-
e flow angle distribution indicate the three-dimensional separa-
jon zone. In the standard case with the uniform symmetric core-
oW, a1=ay, ay1=ay,, and the three-dimensional separation
Appears aR=1.075 on both walls simultaneously and disappears
at R=1.55. On the other hand, in the case with the asymmetric
core-flow, the separation zone appears only on the hub side wall at
is flow rate. A small distortion of the inlet tangential velocity
IStribution results in a deeper separation zone on the wall with
he lower tangential velocity, and the initiation point of separation

the case of the smooth walls, and Fig. 6 shows the variations of 25, [ e e e
the flow angle ‘a” measured from the circumference at the outer a, ,(AVUNUm=£2%) '
edge of boundary layer, and the wall-limiting stream line flow 20 [
angle “a,,” measured from the circumference, or the flow angle 15
of the flow close to the wall. The subscript 1 denotes the flow S 10
3 4l
(' !
Ya Ve » © 0
: oy
Main flow < 5 [
L) streamline z Ol ]
el w -10} ~ ]
15 F o (Symmetric) o (AVUNVUM=2%) -
20
_25 1 1 1 L 1 1 1
_______ 1.0 11 12 13 14 15 16 1.7 1.8
R
Wall-limitting
streamline Fig. 6 Comparison of calculated wall-limiting streamline flow
angles between symmetric and asymmetric main-flows
Fig. 4  Velocity component profiles in three-dimensional (¢=0.15, A=0.29, AVu/ Vum==*0.02, AVm/Vmm=0 for asym-
boundary layer metric main-flow )
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Fig. 7  Effect of wall friction on three-dimensional separation and diffuser pressure recovery (¢=0.15, A=0.029,
AVu/Vum==%0.02, AVm/Vmm=0): (a) change in wall-limiting streamline flow angle at hub side; (b) change in diffuser

pressure recovery

path becomes long due to the small flow angle. The calculatedFigure 8 shows the effect of the locally rough wall on the pres-
results on the three-dimensional separation zone and the diffusare recovery coefficient. The thick solid line indicates the stan-
pressure recovery were hardly affected by whetgris variable dard case of the smooth walls, the thin solid curve shows the case
or constant in the case of the smooth wall. It is reasonable where the rough walls have a friction coefficient of 0.010, which
assume a constafl;, from the inlet to the exit for simplicity.  are the same as those shown in Figh)7If Cs, is changed from
Figure qa) shows a change in the wall-limiting streamline flow0.005 upstream oR=1.2 to 0.010 downstream d®=1.2 on both
angle “a,,,"” on the hub side wall due to the wall friction coeffi- walls, indicated by the chained line, the decrement from the stan-
cient varying from 0.005 to 0.010. The three-dimensional sepamard case in the pressure recovery at the diffuser exit becomes 6.2
tion zone becomes markedly narrower by increasing the wall fripercent. Further, iC;, is changed from 0.005 to 0.010 Bt=1.2
tion coefficient, and it disappears at the friction coefficient obn the hub side wall alone, indicated by the broken line, the dec-
0.01, which is about twice that of the smooth wall. It is suggestegment in the diffuser pressure recovery becomes as small as 3.1
that the increase in wall friction shows a marked effect on supercent, which is only about one-fourth of the whole rough wall
pression of the local reverse flow, resulting in rotating stall. Thease. This pressure drop of 3.1 percent in the diffuser pressure
effect of wall friction on the diffuser pressure recovery at this flowecovery corresponds to that of 0.8 percent in the entire pressure
rate is shown in Fig. (). “ Cp” denotes the pressure recoveryrise because the pressure rise in the diffuser is about 25 percent of
coefficient defined by the diffuser inlet dynamic pressure. Tltae blower.
thick solid line indicates the standard case of the smooth wall with It should be noticed that the pressure rise betwReh2 and
C;,=0.005, and the thin solid line in the lowest indicates the cade4 is hardly affected by the rough wall; that is, the radial pressure
of the rough wall withC;,=0.010. By increasing;, from 0.005 gradient betweeR=1.2~1.4 for the locally rough wall is almost
to 0.010, the diffuser pressure recovery decreases by 14.3 peramtal to the radial pressure gradient for the smooth wall. As the
at the diffuser exit. Furthermore, the pressure recovery was haralll friction increases, the pressure gradient must be decreased by
affected by the small distortion of the inlet core-flow velocity aslecreasing the centrifugal force resulting from a decrease in the
small asAVuVum==0.02. tangential component of velocity. In general, the main factor to
Itis seen in Fig. f) that the pressure rise froR=1.0to 1.2 is support the radial adverse pressure gradient in the diffuser is cen-
not affected by the increase in wall friction coefficient. This igrifugal force, and the secondary factor is a change in momentum
mainly based on the fact that there is a core flow not affected
directly by the wall friction in the entrance region, where the
pressure rise is dominated by the centrifugal force and the decel- 0.6 prrr—m
eration of the core-flow velocity. On the other hand, the effect of
wall friction on the pressure recovery seems to be concentrated in 0.5
the region downstream & =1.2. The reason is as follows: In the i
entrance region, the dynamic energy is dissipated largely in the [
boundary layer by a large wall friction force because of the thin 0.4}
boundary layer and the large tangential velocity. The dynamic a
energy averaged over the section arolel.2 is decreased sig- O 03}
nificantly by the increase in wall friction. The key issue is that the :
dynamic energy to be converted into pressure is sma&dt2 in 0.2
the case of the whole rough wall. ’

Smooth
Rough (C, =0.010, Hub&Shroud)

Effect of Locally Rough Wall on Diffuser Pressure Recov- 01F ~— - - Rough (R1.2-1.8, Hub&Shroud) [
ery. According to the theory by Senoo and Ish{d®], nonaxi- [/ (L Rough (R1.2-1.5, Hub)
symmetric flow at the impeller exit, such as “jet-wake flow pat- 0 , ‘ . ) L
tern,” can be made uniform isentropically unff=1.2 in most 1 11 12 13 14 15 16 1.7 18
cases; however, the excessive wall friction loss occurs in the dif- A
fuser entrance region due to this nonuniformity. To avoid a large
dissipation of dynamic energy, it is obviously better not to inFig. 8 Effect of locally rough wall on diffuser pressure recov-
crease the wall friction in the region upstreamRs£1.2. ery (¢=0.15, A=0.029, A Vu/Vum==x0.02, AVm/Vmm=0)
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> Fig. 10 Schematic relation between polar diagram of velocity
vector and wall shear stress vector in case with three-
0.2 e e vm ] dimensional separation
1 toa
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angle of the three-dimensional boundary layer. The wall shear
stressT,, acts in the direction opposite to the velocity vector

(@) R along the wall-limiting streamliner,,, and r, are the radial and
tangential components of the wall shear stress, gnand 7 are
25 AP SN AL LA the components normal to main-flow direction and along the
20 Mmoot & main-flow direction.
151 As seen from Figs. 4 and 10, the adverse pressure gradient
S [ normal to the main-flow direction dp/dn” acts to increase the
2 10 crossflow, resulting in increase of the skewed angje’On the
o 5 other hand, the wall shear stress componenf’“normal to the
—8_’ ol main-flow direction acts to decrease the crossflow. Judging from
< f I Fig. 8, the pressure gradiendfydn’ must be hardly changed
g -5 \ . betweenR = 1.2~1.4 by the increase in wall friction, and the
o0 [ ] crossflow momentum is small compared with the main-flow mo-
mentum as seen from Fig. 4. As a result, the increasg nesults
-5 Smooth: a, 1 in a marked decrease in the skewed angj¢' ‘a4s shown in Fig.
-20 . 9(b). In other words, the three-dimensional separation zone be-
25 Lo X X : : : comes smaller, and the distortion of hub-to-shroud radial velocity
10 11 12 13 14 15 16 1.7 1.8 distribution also becomes smaller at the downstream position;
R therefore, the decrement of momentum in the radial direction in-
®) creases based on the larger deceleration of the radial velocity

component as shown in Fig(&.

The pressure rise based on centrifugal force is decreased by the
reduction of the tangential component of velocity in the rough
wall case; however, the pressure gradient almost equal to the
smooth wall case is supported first by the additional increase in
the radial momentum change mentioned above, and second by the
positive radial component #,,” of the wall shear stress in the

in the radial direction, resulting from the deceleration of the radi&gion betweerR = 1.2~1.3 where the three-dimensional sepa-
component of velocity. In order to clarify this noticeable phenonfation exists.

enon, the variations of the tangential and radial components of

velocity and the flow angle at the outer edge of the hub sidexperimental Results and Discussion

boundary layer as well as the wall-limiting streamline flow angle ) )

on the hub wall are checked. These variations in the diffuser with Suppression of Rotating Stall by Means of Rough Wall.
the smooth wall or the locally rough wall are compared in Figés shown in Fig. @), the wall-limiting streamline flow angle
9(a) and 9b). As shown in Fig. 8a), the core-flow not affected Showed the negative maximum value betwéenl.2~1.4. It is
directly by the wall friction disappears &=1.13, where the dif- desirable to position the rough wall in the region downstream of
fuser depth is filled with the boundary layers developed on boff=!-2 in order to reduce the three-dimensional separation region
walls. Downstream oR=1.2, both tangential and radial COmpo_effectlvely without deteriorating the diffuser pressure recovery.
nents of velocity decrease more in the case of the locally rough

wall than in the case of the smooth wall, as shown by the broken

Fig. 9  Effect of locally rough wall on velocity and flow angle

at hub side in case with three-dimensional boundary layer
separation (¢=0.15, A=0.029, AVu/Vum==*0.02, AVm/Vmm
=0): (a) tangential and radial components of velocity; (b) flow
angles of main-flow and wall-limiting streamline

lines and the solid lines in Fig.(8). As shown in Fig. &), the | T ] | 1] |
wall-limiting streamline flow angle &,,"on the hub side wall Cix1 03_ A=t Tt
increases markedly downstream R#1.2 due to the increase in d/ks

wall friction, and the three-dimensional separation disappear | | = Icompletely rough | o "3 I,
around R=1.3. The length of the three-dimensional separation LY S p— - I = s i g i Ay
zone of the locally rough wall case is less than half of that of the — %_ S PR O S N
smooth wall case.

The relationship between the polar diagram of the velocity vec: — A= %Q“L’\—jiw =
tor of the three-dimensional boundary layer and the wall shea | Lo smooth , S
stress vector is shown schematically in Fig. 10 in the case with th — | || [Prand¥sequation { | _ | ]
three-dimensional separation. In both Fig. 10 and Figvelde- | Lol | | ] | |
notes the main-flow velocity vector andis its flow angle from 1 ; L ! I !
the circumferencev denotes the velocity vector of the flow close 103 104 105 Red

to the wall anda,, is its flow angle from the circumference, which

is called the wall-limiting streamline flow angle.is the skewed Fig. 11 Calibrated friction coefficient of “G40” sandpaper
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Rough Wall ' friction coefficient of C;,=0.01 was stuck betweeR=1.2~1.6
first on both walls and second only on the hub side wall as shown
in Fig. 12. The rough wall position on the hub side wall was
Smooth Wall I\l;vrégierlwgid |1nt60 two regions betwedR=1.2~1.4 and be-
Figure 13 shows the change in the blower characteristics due to
the rough wall positioned locally in three positions mentioned
above. The ordinate is the static pressure coefficient defined by
the dynamic pressure based on the impeller peripheral velocity.
Jse IS the static pressure coefficient at the diffuser exit, and
4 is the difference between the static pressure coefficients at the
diffuser exit and aR=1.02 immediately downstream of the im-
peller exit. The circle marks indicate the case of the smooth wall,
the triangle marks indicate the rough wall on the hub side alone
betweenR=1.2~1.6, the square marks denote the one between
T T X r R=1.2~1.4, and the diamond marks denote the one between

1 [ il R=1.4~1.6. The respective solid mark indicates the flow range

1012 1618 R

Fig. 12 Rough wall position on the vaneless diffuser wall

W, where the rotating stall was observed. Based on the local increase
- r in wall roughness on the vaneless diffuser wall, the flow rate of
0.8 [ 21.% N rotating stall inception was markedly decreased from the reference
. 3% inception flow rate by 42 percent for the rough wall between
R=1.2~1.6, 33 percent forR=1.2~1.4, and 21 percent for
6, Hub) ] R:1_.4~1.6, respe_zctively._ C_o_mparing among these three_ cases,
4, Hub) the improvement in stall limit is larger if the rough wall region is
6, Hub} wider, and the changing point to the rough wall is more upstream.
Furthermore, the stall limit improvement in the ease of the rough
walls at both hub and shroud sides was almost equal to the rough
wall on the hub side alone. It is noticeable that the almost equal
improvement in the stall limit is successfully achieved by the
increase in wall roughness on the hub side alone. This is based on
: the fact that the three-dimensional separation occurs first on the
0 hub side wall in most blowers with the backswept blade impeller.
0.05 0.1 0.156 0.2 0.25 0.3 According to Fig. 13, within the experimental accuracy, the pres-
¢ sure rise ‘iy4” in the diffuser is almost equal in the three kinds of
rough wall positioning, and they are also almost equal to the stan-
Fig. 13 Change in blower characteristics due to wall rough- dard case at any flow rates, even at the design flow rate of

ness control (A=0.147) ¢=0.27.

Change in Velocity Distribution Due to Rough Wall. The
hub-to-shroud distributions of the tangential and radial compo-
In order to obtain about twice the friction coefficient of thenents of velocity measured B=1.57 are compared between the
smooth wall, the completely rough wall condition was checked tsmooth wall case and the rough wall one in Fig(al4and the
using “G40” sandpaper. According to the calibrated result showeorresponding calculated results are compared in Figb)14
in Fig. 11[16], this sandpaper has the equivalent roughness where ¢=0.131 is near the rotating stall inception point at
ks=0.55 mm and the friction coefficient indicated by open circla& =0.147(b/r,=0.076, and the rough wall is positioned between
marks shows about 0.01 in the Reynolds number ;"R@nge R=1.2~1.6 on the hub side wall alone. The calculated results
larger than 1.& 10%. In the present experiment, sandpaper with agree well with the measured ones; by positioning the rough wall

- 42% —o— Smooth
0.6 —a— Rough(R1.2-1.

2 —o—Rough(R1.2-1.

—o— Rough{R1.4-1.

25 1 25
[ LG O—Omy [ .
| /'ff';{ \“:'\) o '/ " \%
g 15 | g 15
; [ —o— Smooth ‘\ ; I/ —— Smooth \\
5 10Ff —e— Rough (R1.2-1.6, Hub) 5 10F —— Rough (R1.2-1.8, Hub)
<] - [
3 | 3
> &f — > 5 S
[ vm H vm
0
i oo 0 ;
5 [ Shroud Hub 5 [ Shroud Hub
0 02 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
@ Y (b) Y
Fig. 14 Comparison of measured and calculated velocity distributions between smooth and rough walls (¢$=0.131,

A=0.147, R=1.57, AVu/Vum==%x0.02, AVm/Vmm =0 for calculation ): (a) measured result; (b) calculated result
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0.4_...,............... 0.6'.,.,....4,.“. r r T
[ —o— Smooth 05 : ]
031} —eo— Rough (R1.2-1.6, Hub) [ ~F = 8 )
A [ ®
0.4f 8 1
So03f ]
[ 02} :
[ ——— Cal. : Smooth (C, =0.005)
ol Shroud . 1 . Hub o1 i ——— Exp : Smooth
O O Exp: Rough {(R1.2-1.6, Hub) B
0 0.2 0.4 0.6 08 1 [ ® Cal.: Rough (R1.2-1.8, Hub)
Y

0 L I L L L L
Fig. 15 Comparison of measured turbulence intensity distri- 11112 13 1.4 15 16 17 18
bution between smooth and rough walls (¢$=0.131, A=0.147, A
R=157) Fig. 16 Comparison of diffuser pressure recovery between
the cases with and without rough wall at design flow rate
on the hub side alone, the boundary layer thickness at the hub séﬁk;%% A=0147, Avuivum=x0.02, AVm/Vmm=0 for cal
becomes thicker than the one at the shroud side, the peak position
of the velocity distribution transfers to the shroud side, and the
tangential velocity is decreased remarkably in the whole section.
The distortion of the radial velocity distribution becomes some-
what smaller compared with the smooth wall case, resulting in an
increase in the radial momentum change, which additionally sup-
ports the radial pressure gradient. It is mainly due to a large de- 1.0
crease in the skewed angle of the three-dimensional boundary
layer. L = Smooth
y [ Rough (A1.2-1.8, Hub)
There is a small difference between the measured and the cal- 08} i
culated radial velocity distributions. A small separation zone ex- 1 > Developed
ists at the hub side in the experiment, but not in the calculation, Boundary Layer
although the separation zone becomes small by roughening. 0.6 \ ) .
Figure 15 shows a comparison between the smooth and rough [
wall cases in the hub-to-shroud distribution of turbulence intensity I
of the tangential velocity component measuredatl.57 by us- 04} ~ .
ing the single hotwire parallel to the wall. It is reasonable that the [ B
turbulence intensity in the shroud-side boundary layer is not af- - vm
fected by the rough wall, and the one in the hub side boundary 02} -
layer is increased significantly due to the turbulence induced by [
the rough wall. This must be another factor that suppresses the - . . ) ) . .
three-dimensional separation because the fluid with high energy
far from the wall transfers toward the wall. The main-flow and (a) 1 1112 13 14 15 16 17 1.8
crossflow velocity profiles may vary from the original ones as- R
sumed in the momentum integral method.

IO B N S B o e e e T
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=
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Effect of Wall Friction on Pressure Recovery at Design sl 1
Flow Rate s

Figure 16 shows a comparison of the pressure distributions in S 40 [
the vaneless diffuser at the design flow rate¢of0.27 between ko) 35| 7
the cases with the smooth wall and the locally rough wall on the 3 30 [ Smooth : a, ]
hub side alone. The calculated pressure recovery coefficients are g, 5 4
indicated by the thick and thin solid lines for the smooth and E 25 i L ]
rough walls, respectively, and the open and solid circles show the 2 2q Rough : a, ]
corresponding experimental results. The difference between the u_? - wz\ I
smooth wall and the locally rough wall in the pressure recovery is 15 1 PP )
almost equal in both calculation and experiment; however, the 10 3
measured pressure recovery is lower than the calculated one be-
cause the diffuser depth was slightly narrower downstream of 51 Smooth : a,, ]
R=1.2 due to the sandpaper thickness and also the flow was ac- 0 . . L L L L
celerated by the blockage effect based on the twelve circular struts - 1.0 1.1 12 13 14 15 16 1.7 1.8
for diffuser wall spacing located arourri=1.65 as shown in Fig. R

1. The local increase in wall roughness, which is on the hub side ®)

wall alone, results in a slight decrease, less than 1 percent of@gl

; : . . .17  Effect of locally rough wall on velocity and flow angle
blower pressure rise at the design flow rate, as predicted in ub side in case without three-dimensional boundary layer

calculation. _ S o separation (¢=0.27, A=0.147, AVu/Vum==0.02, AVm/Vmm
It should be noticed again in Fig. 16 as well as in Fig. 8 that the0): (a) tangential and radial components of velocity; (b) flow
radial pressure gradient betweRrl.2 and 1.4 is hardly affected angles of main-flow and wall-limiting streamline
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by positioning the rough wall locally. The variations of the tansupport from the Harada-Memorial Foundation. This work was
gential and radial components of velocity and the flow angle at tla¢so supported in part by the Grant-in-Aid from the Ministry of
outer edge of the hub side boundary layer as well as the wallducation, Science, and Culture of Japan.

limiting streamline flow angle on the hub side wall are compared
in Figs. 17a) and 17b) between the smooth and rough walls. A

shown in Fig. 17a), both tangential and radial velocities are nof\omenclature

changed betweeR=1.2~1.26 by the rough wall because the b = diffuser depth

core-flow exists untiR=1.26, which results in almost no differ- b, = blade height at impeller exit

ence in the radial pressure gradient in this region between the C;, = friction coefficient in the main-flow direction
smooth and rough walls. Downstream Rf= 1.26, they are de- =27,/pVe

creased by the direct influence of wall roughness as shown by tile Cp = pressure recovery coefficient

broken lines, As shown in Fig. 1), there is no separation region c, = axial tip clearance at impeller exit

in this case; however, the wall-limiting streamline flow angle in- R = radius ratie=r/r,

creases markedly, as is seen in Figb)9just downstream of r, = impeller exit radius

R=1.2 due to increase in wall friction. The change in momentum U, = peripheral velocity of impeller

in the radial direction, the first factor to support additionally the uw = velocity of main-flow direction and crossflow
radial pressure gradient, is increased by the rough wall because Ve = main-flow velocity at outer edge of boundary
the distortion of the radial velocity distribution is reduced due to a layer

large decrease in the skewed angle of the three-dimensional Vm = radial component of velocity

boundary layer. Vmm = mean radial velocity of inlet core-flow

Vu = tangential component of velocity
VU = tangential component of velocity turbulence
: Vum = mean tangential velocity of inlet core-flow
Conclusions ) _ Y = dimensionless diffuser deptty/b
The authors have proposed a new technique that effectively «,,a, = flow angle at outer edge of boundary layer

suppresses the rotating stall in the vaneless diffuser of centrifugal measured from circumference
blowers with a backswept blade impeller. In the experiment, the «,;,a,, = wall-limiting streamline flow angle, or flow
completely rough wall was positioned locally on the hub side angle from circumference of the flow close to
alone, and the effect of an increase in wall friction on the three- the wall
dimensional boundary layer separation was investigated experi- v = skewed angle of three-dimensional boundary
mentally as well as theoretically using the three-dimensional layer
boundary layer calculation code. It was also analyzed why the 8 = boundary layer thickness
pressure gradient in the vaneless diffuser is hardly affected by the ¢ = flow coefficien=vmm, /U,
local increase in wall friction. The concluding remarks obtainedy, , ., s, = static pressure coefficient for pressure rises in
are as follows: the diffuser, at the impeller exit and at the dif-
1 The rotating stall in the vaneless diffuser of centrifugal blow- fuser exit=2Ap/pU >
ers with the backswept blade impeller is caused by the three- .7, = radial and tangential components of wall shear
dimensional separation on the hub side wall, not the shroud side stress
wall, mainly depending on the distortion of tangential component 7,7 = wall shear stress components normal to main
of inlet main-flow velocity. flow and along the main flow streamline
2 By positioning the completely rough wall on the hub side 7w = wall shear stress
alone in the region betweeR=1.2~1.6, the stall limit was im- N = tip clearance ratio at impeller exic, /b,

proved markedly by 42 percent, based on suppression of the thrge-
dimensional separation. ubscripts

3 The increase in the wall shear component normal to the main- 1 = shroud side
flow streamline “7,,” markedly decreases the skewed angle of the 2 = hub side, or impeller exit
three-dimensional boundary layer, and results in suppression of
the three-dimensional separation.

4 The turbulence intensity is increased significantly in the hBeferences
side boundary layer by the rough waII._ This might _be anotherf(1] FSFEZTL”’?.;SYS&Zif“%‘ﬂ?e,?na’aiﬁ?n?éﬁ%ﬂ"31989’£Q§°ti§$ﬁ‘1 3fllacr>1fe§§ntrifu-
fa(;tolrz\tli;?]t f#gféﬁsfﬁ: trgigﬂn\:',vef;ﬁ'rigegzgzglr]:gpggﬁf;‘r cam of 2 %bdelhar?"lid, A.N., 1982, “Control of Seif-excited Flow Osdillations n Vane-

- g less Diffuser of Centrifugal Compressor System,” ASME Paper No. 82-GT-

R=1.2 at the hub side, diffuser pressure recovery almost equal to 1ss.
the smooth wall case is achieved mainly due to additional increases] Senoo, Y., Hayami, H., and Ueki, H., 1983, “Low-Solidity Tandem-Cascade

in the radial momentum change resulting from reduction in the gf”ssers for Wide-Flow-Range Centrifugal Blowers,” ASME Paper No. 83-
distortion of the radial Vel_O_CIty distribution. [4] Harada, H., 1996, “Non-Surge Centrifugal Compressor With Variable Angle
6 As a result, the additional pressure drop due to the locally  piffuservanes,” Turbomachiner24, No. 10, pp. 600—608in Japanese
rough wall was less than 1 percent of the entire pressure rise dbl Kurokawa, J., Matsui, J., Kitahora, T., and Saha, L., 1997, “A New Passive
the blower. Device to Control Rotating Stall in Vaneless and Vaned Diffusers by Radial
Grooves,” Proc. JSME Intl. Conf. on Fluid Engrdl,, pp. 1109-1114.
[6] Tsurusaki, H., and Kinoshita, T., 1999, “Flow Control of Rotating Stall in a
Radial Vaneless Diffuser,” Proc. of 3rd ASME/JSME Joint Fluids Engrg.
Conf., Paper No. FEDSM99-7199.
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Direct Method for Optimization of
a Centrifugal Compressor
Vaneless Diffuser

Yu-Tai Lee A Direct Method for Optimization (DMO) is developed for investigating pressure rise and
Naval Surface Warfare Center, energy loss in a vaneless diffuser of a generic compressor used in shipboard air-
Carderock Division, conditioning systems. The scheme uses Reynolds-Averaged-Mgiulas (RANS) results
West Bethesda, MD 20817 and evaluates gradients of a predetermined objective function. The current Direct Method
. for Optimization differs from the popular Inverse Design Method in the process of ob-
) LII'I. LUO taining final configurations and in the final configurations obtained. The Direct Method
The Pennsylvania State University, for Optimization achieves a final shape from maximizing/minimizing a nonlinear function,
University Park, PA 16801 i.e., the objective function. Both gradient and nongradient Direct Methods for Optimiza-
. tion are compared with respect to accuracy and efficiency. The coupled DMO/RANS
Thomas W. Bein optimization code is benchmarked using a plane turbulent diffuser also investigated by
Naval Surface Warfare Genter, Zhang et al. using an adjoint method. The benchmark indicates that if a global optimum
Annapol|§ Detachment, exists, the result should be independent of the methodologies or design parameters used.
Annapolis, MD 21402 The DMO/RANS method is applied to redesign a three-dimensional centrifugal vaneless

diffuser used in a modern generic compressor. The objective function is a composite
function of the diffuser’'s pressure rise and total energy loss. The new optimum diffuser
has a minimum width at a location far beyond the conventional diffuser pinch point. The

new diffuser also provides an efficient section for pressure recovery, which takes place
after the minimum width location. Test data for the new diffuser validate the current

approach at the design condition. Furthermore, improved performance is also recorded
experimentally at off-design conditions for the optimized diffuser.

[DOI: 10.1115/1.30857]1

Introduction based method are the most popular approaches. The adjoint
Di o . method is represented by Baysal and Elesh@yand Reuther
iffusers, f_unctlonlng as pressure-recovery devices, are ab%%-d Jamesoff] for wing shapes, and by Cabuk and Mé€i] and
. ' Pzrhang et al[7] for plane diffusers. The gradient-based method is
performance is governed by geometric and aerodyn"’m"tgpresented by Pantiri@] for aeroengine optimization, Mr4&]
parameters. . . for nozzle design, and Koller et aJ10] for compressor blade
Diffusers are categorized as channel, conical, and annular tyRgs hing  The adjoint method requires derivation of the adjoint

[1]. The annular diffuser with radial inflow and radial outflow iSoqations for each new problem. Extension of the adjoint method
also known as a vaneless diffuser. Vaneless diffusers are em-

ployed for centrifugal compressors and pumps as exemplified in
Fig. 1 for an air-conditioning compressor. Although the compres-
sor in Fig. 1 was designed using a state-of-the-art turbomachinery
design tool, it still shows a large discrepancy between the pre-
dicted compressor efficiency and the measured efficiency. Further
research2] indicates that the faulty prediction occurs at the com-
pressor’s diffuser and volute. Improved computational techniques
were therefore developef3] to investigate the flow features
within these components. In order to refine each component’s
performance further in an efficient manner, development of an
optimization method is desirable.

The mathematical requirement of an optimization scheme is to
maximize (or minimize an objective(or an output function,
which represents the parameter of interest from a mathematical
model of the problem. As we know, in order to determine the
minimum value of a function, multidimensional mapping of the
function is impractical. Thus, an optimization procedure is re-
quired that is considerably more efficient than multidimensional
mapping.

Many attempts and successes exist in the literature on the topics
of optimization using computational-fluid-dynam{€FD) meth-
ods. Among these efforts, the adjoint method and the gradient-

Contributed by the International Gas Turbine Institute and presented at the 45th
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger-
many, May 8-11, 2000. Manuscript received by the International Gas Turbine Insti-
tute February 2000. Paper No. 2000-GT-453. Review Chair: D. Ballal. Fig. 1 Generic air-conditioning compressor
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from laminar to turbulent flow is not a trivial task, and the adjoint ok
equations for more sophisticated turbulence models can be quite g,%s :;';?mo“bnsnw Postion
challenging. Furthermore, the objective function for an adjoint 16" -8 Point Design Station Position
method may lack uniquenefs|, which affects the final optimum c F
solution. s

In this paper we present a more heuristic approach and apply it 01—~ 0 1 2 3 . .
to a general diffuser optimization. The method developed is called in|-= T I 5 1
the Direct Method for OptimizatiofDMO) and is a gradient- 0 e 1-51 wl '1’7 Out
based approach. The DMO is coupled with a CFD method and a ’ ’ rlrz‘ )

regridding approach to iteratively march to the optimized shape.

Direct Method for Optimization

The mathematical representation of an optimization problem
can be formulated as follows. Given a predetermined input vector
X and an objective functiofor a parameter of interesf(x) for
the problem, the DMO is to find an optimal val&& such that
f(X*)=<f(X), provided the constrainfj;<X<Xnax- b‘

For the stated problem, a local minimum can be found through Out
a gradient vector,

If (%)
A%

gi= 1)

wherex=(x)) andéz(gi), i=1 ... nandnisthe dimension of Fig. 2 Schematics of the vaneless diffuser geometry
the problem. The general objective functibfX) can be approxi-
mated as a multidimensional quadratic function,

1 -

f(X) 2x [A]-X—b-X+c (2) f(ﬁ):Ba)—an
where[A] is the second partial derivatier the Hessianmatrix
of f. In order to convert the multidimensional function to a one- _ P37 P2, _ Psa—Ps2
dimensional problem and use a line-minimization scheme, an op- w= 1/2p2U§’ P 1/2p2U§
timal direction must be determined. This direction has been R
proven[11] to be one of a conjugate pair, called a conjugate sathereh=(h;), i=1, ... h represents the diffuser width vector at
which are the bases for selecting the marching direction in tiiee design stations and is normalized by the impeller radius,
direction set metho@i11]. For functions that are not exactly qua-the total pressure loss coefficierit, is the static pressure rise
dratic forms, as shown in Ed2), repeated use of the mutually coefficient, ps, and ps; are the inlet and outlet mass-averaged
conjugate line-minimization directions will, in due course, constatic pressureg,, andp,; are the mass-averaged inlet and outlet
verge quadratically to the desired minimum. total pressuresy and B are weighting coefficients, ang andU,

Furthermore, if the direction of the line-minimization is con-are inlet density and velocity. Equatig4) indicates that the ob-
structed to be conjugate to the direction used in the previous jitctive functionf is a composite function of the diffuser static
eration or to all directions traversed in all previous iterations, th@essure rise and the total pressure loss and is weighted by the
conjugate gradient algorithm is obtained. In this paper, the Polakeefficientsa and 8. All the parameters studied are nonlinear
Ribiere conjugate gradient scherf?] is adapted. Ifii is such a functions ofh. The static and total pressure distributions are ob-
conjugate direction, the Polak—Ribiere scheme is given as tained by solving the RANS equations.
The complete optimization procedure is described as follows:

4

U= —g(Xy) R
- s . 1 Problem definition: including input vectbr, constraints, and
Oer1=—0(Xg1) — X .
=~ 00 1) = 728X objective functionf (h);
6Kk 1) {G(Xir 1) —G(X) } . 2 Initialization of optimization calculation: including normal-
Yer1= G(X) - G(X) (3 ization offi and variable limitation;

3 Flow prediction: including solving the RANS equations with
an initial grid and calculating reIevarh(ﬁ);
. 4 Preparation of optimization calculation: including evaluation
DMO on Vaneless Diffuser of gradient vectog and determination of mutually conjugate di-
Using the aforementioned Polak—Ribiere conjugate gradierctions;
schemeEq. (3)), the geometric and flow constraints of the vane- 5 Optimization calculation: including bracketing the minimum,
less diffuser of the given compressor are depicted in Fig. 2. Tkkenducting the line minimization and optimization iteration;
inlet condition is fixed by a constant mass flow rate and a constants Convergence check: checking the convergence of the design
inflow angle. The shape of the diffuser shroud is represented byariables. If the design requirements are met, the process is com-
cubic spline. The number of design stations, which correspond ptete. Otherwise, the calculation continues to the next step.
the dimensiom of the current optimization problem, is flexible. In 7 CFD regridding: including defining the new boundary sur-
this paper, we use 3 and 6 points to demonstrate the robustnes&oés and their smoothing, and interior grid movement. Return to
the methodology. Figure 2 shows the six-point design statiorsiep(3) for another gradient iteration.
Segment SO of the shroud curve in Fig. 2 is fixed as an inlet-shapel_
constraint. All the other shroud locations, including the one at the
diffuser exit, are to be optimized.

where the subscript represents the iteration number.

he gradient vectog(h) is obtained by
 f(hi+Ahy) —f(hy)

For the current diffuser problem, the objective functibis g(h)= . (i=1,...n (5)
defined as Ah;
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Evaluating these gradients takes enormous computational effort.
Thus, in this paper, two other nonlinear non-gradient-based opti-
mization schemes are also examined for the present vaneless dif:
fuser case. These are the downhill simplex metfi®] and the
Powell method 14]. Although there is no requirement to evaluate 1
the gradient of the objective functidnfor these latter schemes,

the total number of iteration cycles needed to obtain a minimum 0.5
may be large. If, however, the functidroes not lead to quadratic
convergence, these nongradient, more heuristic schemes becom
more competitive in terms of computational effort and accuracy.
A numerical illustration of the aforementioned procedure is given
in the appendix for a two-dimensional plane diffuser optimizatio
discussed in the Prediction Results section.
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Eig. 3 Typical computational grid for turbulent plane diffuser

RANS Solution Method
was used for the incompressible turbulent-flow computations in
this paper and is comparable to the grid used by Zhang. The
Raynolds number is 10,000 based on the mean inlet velocity and
inlet width. The inflow is assumed to have a fully developed
power-law velocity distribution. The initial diffuser shape, a con-
stant width channel, differs from that used by Zhang, a cosine
19 9 type with an amplitude of 0.33. In order to compare the current
jﬁ(pq)= 7E (6) approach to Zhang'sy is set to unity and3 to zero in Eq.(4).

b Zhang shows results based on two different design functions in his
where q=[1u,,uy,u,,h,ke] and p,J,U;,G;; represent fluid adjoint representation of the objective function: a product form,
density, the Jacobian of the coordinate transformation, trans-
formed velocities, and diffusion metrics, respectively. The effec-
tive viscosity ue represents a sum of the laminar viscogityand

Computational Scheme. The governing equations, including
the continuity, momentum, and energy equations, for compre
ible flow are solved with a two-equatidk—e turbulence model
for the diffuser flow. The governing equations in curvilinear co
ordinates are written as:

Jq
*PUqurMeffGija—g 5
I

the turbulent eddy viscosity, , re-scaled by a turbulence Prandtl 2 Point Spline
number or Schmidt number. The turbulent eddy viscogity @~ |e=e=-- 3-Point Spline
=pC,k?/e and G,=0.09. A |~ Original

Finite-difference approximations are used to discretize the — — -~ Zhang Eqn(10) Present
transport equations on nonstaggered grid systems. An upwind —-—-— Zhang Egn (13)
scheme is used to model the convective terms and a central dif- = |[s=«==- Zhang Original
ferencing formula is used for the viscous and source terms of Eq. 20 LR | ]
(6). For turbulence quantities, the convection process is modeled C o ]
by an upwind scheme. A pressure-based predictor/corrector solu- 15F P s F
tion procedurd15] is employed to achieve velocity-pressure cou- o — === AT
pling. The discretized systems are solved by an implicit Euler  s.qgoF T L ig X/_. - 3
time-marching scheme. The numerical solutions are considered F ]
converged when the residuals of each discretized equation have 05 L Original E
dropped by five orders of magnitude from their initial values. The i Zhang
computational technique and results for a centrifugal compres- S T T T
sor’s vaneless diffuser and volute have been demonstrated in Lee °'°,2 0 2 4 6 8
and Bein[3]. In order to minimize the RANS computational effort X
for the present vaneless diffuser optimization, axisymmetric cal- 40
culations are performed with a prescribed inflow angle, total pres- ' | ' | ' | '
sure, total temperature, and a diffuser exit pressure. The diffuser (B)
exit pressure prescribed at the exit mid-width is obtained through B \ .
iteration until the design mass flow rate is maintained. 2 Point Spline

Grid Movement. Regridding en route to the optimized shape 30~ |77 77°° 3-Point Spline |-
is completed using an algebraic grid movement strategy. After a @ — — — Zhang Eqn(10)
new shroud shape is generated by the DMO, the points on the @ — - - — Zhang Egqn (13} |

shroud boundary are moved to the new shape, and interior gridc‘f')
points are moved proportionally based on the original grid distri-

S
S on | -
bution. Grid smoothing is employed to compensate for large 220
boundary movement and inadvertent grid-line crossing. 9
= | ]
Prediction Results From Optimization Calculations =
10— —

Plane Diffusers in Turbulent Flow. Cabuk and Modi[6]
and Zhang et al.7] have studied plane diffuser optimization for
laminar and turbulent flows using the adjoint method. They use an
objective function of the flow-weighted static-pressure rise be-
tween the diffuser inlet and outlet. For the turbulent plane dif- 0 R T Y S E
fuser, Zhang studied a geometry with a ratio of diffuser length to 2 0 2 4 6 8
inlet width equal to 6. As Fig. 3 shows, a head-pipe and a tail-pipe
with lengths equal to the inlet width were added to the entrang®y. 4 Optimization of plane diffuser and comparison with
and exit. The grid shown in Fig. 3, with dimensions ofx4B0, (A) diffuser shapes; (B) wall shear stress

[7]:
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3 Point Spline Optimization

Original  C,= 0.1987 = 0.2183

tion with the following geometrical constraints: The diffuser
length and the inlet width are kept constant; and the initial section

el S mpex 203758 = 01807 CPUx 48 mins of the shroud curve, i.e., the segment S0 in Fig. 2, is fixed. Station
— - = - Conjugats C,x 02701 o=0.1653 CPU= # mins . . h . . -
£ e ~ Powsll = 02784 o= 01588  COU =182 mine 0 is close to the conventional pinch location. In order to minimize

11 1.2 1.3

14
v/r,

6 Point Spline Optimization

Original C,x0.1987 we 0.2183

the modification of the compressor front plate where the transmis-
sion and the motor are located, the diffuser hub surface is main-
tained as a fixed flat surface.

The optimization results for the vaneless diffuser are shown in
Figs. 5-11. Figure 5 compares the original and final shroud
curves obtained from the conjugate gradient method and the non-
gradient downhill simplex and Powell methods with both weight-

02F +====- x e o, = mine h . . . .
e e ing functionsa and 8 equal to unity. Both the three-point spline
= —_— = Powel  €,20.2738 w=0.4578 CPU =581 mie and six-point spline are used to study the impact of the number of

design dimensions. The curve obtained from the three-point con-
jugate method is plotted against that from the six-point conjugate
05 e N R S T W method in Fig. 6. The additional design stations at locations 1, 3,
and 5 provide an extra level of control for reaching the final op-
timum shroud curve. Since the simplex and the Powell methods
treat the conditions at the endpoifite., the diffuser exjt some-
what differently than the conjugate gradient method, they produce
a larger exit width. Because of the smaller exit width produced by
the conjugate gradient method, the compressor test for a new dif-

. . o fuser adopts the resultant curve obtained from the conjugate gra-
and a shear ratio fortidentified as Eq(10) and Eq.(13), respec- jiant calculation without changing the volute configuration. The

tively, in his paper. The choice of the different design functionsg;4tic pressure ris€, , total pressure loss, and total CPU time

.used(in minuteg for each calculation are also shown in Fig. 5.
h CE d q hand | e variations of the predicted flow parameters for all cases stud-
are shown in Fig. 4 and compared to Zhang's results. A two-poiply here are within 3.5 percent f@, and 4.7 percent fow. The

spline calculation and a three-point spline calculation were usggy, tational time indicates that the conjugate gradient method is
with the current approach. The design locations ave-aB and 6 5 ore efficient scheme for the six-point optimization.

for the two-point spline and at=2, 4, and 6 for the three-point The weighti . -
. . ' o ghting coefficientsx and g in Eq. (4) are factors for
spline. The final diffuser curves are plotted in Figayand the controlling the importance o€, and  to the final optimum re-

wall shear distributions are depicted in Figb¥ The variation of %t. Separate calculations using the conjugate gradient method

Fig. 5 Optimization of vaneless diffuser:
spline; (B) six-point spline
pressure loss )

(A) three-point
(C,=static pressure rise, w=total

the objective function between successive iterations is monitor, re carried out by settin) =1 and=1; (i) a=1 andg

and compared to a prescribed tolerance. For the plane diffuser, thg. and(iii) @=3 and8=1. The optimum éhroud curves from
tolerance is set to I0. The complete optimization calculation forthese calculations, shown in Fig. 7, indicate that the equal-weight
the two-point spline takes 110 iterations and 5 gradlen’t cyClespproach is as good as other weights @y and . Thereforea
Although the two-point spline agrees better with Zhang's sheghdﬂ are chosen to be unity in all other calculations.

form result, the three-point spline produces a slightly larger exit rigyre 8 shows the grids used for the original and modified
area, higher pressure recovery and lower wall shear. The abrupt

drop in shear stress at the end of the inlet head-pipe, which exists
in all the solutions, is associated with a discontinuity in wall slope
and a divergence of the wall shape at that location. Limited by the
solution accuracy of each optimization approach and their co

Original: C,=0.1987 «»=0.2183

02t

straints, the present comparison indicates that different methods
different design parameters lead to similar final global optimui
shapes, as they should if indeed a unique optimum exists. =

0.1

Vaneless Diffuser of the Generic Compressor. The vane-
less diffuser of the generic compressor, as shown in Figs. 1 anc

1

Conjugate a=1, p=
Conjugate a=1, p=3:
Conjugate o=3, p=1:

| {1,2,3 - design control points)

1:  C.=0.2701 »=0.1653
C.=0.2685 ©»=0.1643
C,=0.2759 ©=0.1663

starts at the impeller exit radius 0f=12.24 cm(4.82 in). The 0 . . . . ll . 3
diffuser inlet velocity is 128 m/$420 ft/9 and the mass flow at 1 1.1 1.2 [ 1.5 16 17
the design condition is 4 kg/68.8 Ibm/9. The diffuser inflow 2

Mach number is 1.05 and the flow angle is estimated to be 79.5 Fig. 7 Impact of the weighting coefficients in Eq. @)

deg from radial. The Reynolds number basedrgrand the dif-
fuser inlet velocity is 3.x10°. The diffuser has a length of
rs/r,=1.725 and an inlet width ofi,=0.104. The original dif-
fuser has a flat hulfront plate and a curved shrou@ack plate.

The current optimization design is performed at the design condi-

02F ceaeree- Originai .
3 Point Conjugate( point: 2,4,6) 01 Optimized
= ———m—-e - 6 Point Conjugate{control point: 1-8)
0.1 3:
s s !
Ty U
L1 e Y R hinaas < 1.1 12 1.3 1.4 1. 1. 1.7
0 2 3 e 3] s tr 5 6
1.1 12 1.3 1.4 15 1.6 1.7 2
nr,

Fig. 8 Computational grids for the original shape and the final

Fig. 6 Comparison of three-point and six-point spline shapes
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TOTAL VELOCITY CONTOURS (UU,)
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Fig. 9 Selected intermediate shroud shapes through 26 itera-

tions from the original curve

diffusers based on the six-point gradient calculation. The grids
have dimensions of 2431X 3 (in the h, r, and @ directions. A

clustered grid is used near the shroud surface.

Figure 9 shows variations of the shroud curves at intermediat:
steps during the conjugate gradient calculation. The complete of
timization is completed in 26 iterations and 2 gradient cycles with 0.1
a tolerance equal to 16. Although the plotting scale of the or-

Original

A

/
\ 7
/
17 Original
16
15
14
LN
=
1.
12
11
0 0.1 0.2
h

Fig. 10 Predicted flow path:
radial section
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/

Optimized

1780

T.
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h

(A) on the front plate;

(B) on a

Fig. 11 Predicted total velocity contours

STATIC PRESSURE CONTOURS (p /0.50,U)

. 102 3 4 S 8 7 8 9 10
oﬂglml 1000 1.028 1,052 1.078 1.104 1.131 1.157 1.183 1.209 1.238
0.1

ol L L1 T T

Fig. 12 Predicted static pressure contours

dinate has been magnified, Fig. 9 shows the robustness of the
current scheme, which is capable of correctly steering the predic-
tion after overshooting the final result.

The flow path near the flat hub surface is drawn in FigalO
for the original diffuser and for the modified diffuser from the
six-point conjugate gradient calculation. The primary differences
in flow angle between the two cases occur méag=1.25 and in
the exit area. A view of the flow in a radial section is shown in
Fig. 10b). For the original diffuser, the flow separates near the
inner radius. Although the flow also separates for the optimized
diffuser, the separation region is reduced in size due to the con-
verging shroud curve. The optimization does not completely
eliminate the flow separation due to the geometric constraint of
the shroud inlet curve, i.e., the section SO in Fig. 2. A dramatic
change in flow angle occurs near the diffuser exit, as shown in
Fig. 10(a). The optimized shape directs the flow into the volute in
a much smoother pattern due to the reduced flow angle.

The velocity and static-pressure distributions along the original
and optimized diffusers are shown in Figs. 11 and 12. The con-
vergence of the shroud up tér,=1.3 differs from the conven-
tional concept of locating the vaneless diffuser’s pinch point
within r/r,=1.10 to 1.15. The flow in the optimized diffuser de-
celerates slower in the radial direction decreasing the effect of the
flow separatior(Fig. 10b)). The optimized diffuser, however, de-
celerates the flow faster overdHig. 11). This efficient decelerat-
ing flow within the diverging shroutbetweerr/r,=1.3 and 1.7
of the optimized diffuser provides a more efficient mechanism for
pressure recovery as shown in the static pressure contours of Fig.
12. The averaged exit Mach number for both diffusers is 0.45.

Experimental Results of the Generic Compressor. Com-
pressor tests were conducted using the original diffuser and the
optimum diffuser obtained from the six-point conjugate gradient
calculation. The compressor is installed in a shipboard air-
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4 7T that different methods and different design parameters in the ob-
| i jective function lead to similar final optimum shapes.
The current DMO/RANS method is also used to redesign a
el - three-dimensional vaneless diffuser whose original shape was ob-

tained using a state-of-the-art turbomachinery design tool. The
final optimum shape from a six-point conjugate gradient calcula-
. tion shows a converging—diverging shroud. The minimum width
occurs at a location far beyond the conventional pinch point. The
7 iteration cycle of the DMO/RANS coupling proceeds along con-
jugate directions, not only to minimize the objection function, but
also to improve the general flow features through a correct selec-
tion of the objective function. The theoretically predicted opti-
mum diffuser shape was validated by experiments, both at the
design and off-design conditions, to be superior to the original
diffuser shape.

Compressor Isentropic Efficiency

Design Point
6 . I L 1 . ] "

3.8 4
Pressure Ratio

42

Fig. 13 Measured compressor efficiency for the original and
the modified diffusers
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Fig. 14 Measured system energy consumption for the original

and the modified diffusers [AJ = Hessian matrix

b = coefficient vector

¢,C, = constant coefficients

conditioning system. The compressor performance map was ob- Cp = static pressure rise coefficient
tained by fixing the impeller speed at 15,160 rpm, the suction I - objer_:tlve function
conditions and the inlet guide vane positioffslly open), and 9= gradlgnt vector
varying the condensing conditions. Measured data are shown in ~ Cii = diffusion matrix
Figs. 13 and 14 for compressor isentropic efficiency and system h = diffuser width vector, normalized b,
energy consumption coefficient versus the ratio of the discharge J = Jacobian of coordinate transformation
pressure to the suction pressure. The system energy consumption k = turbulent kinetic energy
coefficient is a ratio of the total system energy consumed at vari- n = vector length or dimension

ous conditions to the consumed energy at the design point for the p,pg

static pressure

original diffuser. Due to the current diffuser modification, the p; = total pressure
compressor efficiency is increased by 2 to 3 percent at the design g = dependent variable matrix
point and by 1 to 5 percent at off-design conditions. Since the r = radius
inefficient volute flow remains, the overall compressor efficiency Sy = source term
stays relatively low even with the modified diffuser. System en- t = time
ergy consumption is reduced by 3 percent at the design point and U = vector representing optimization direction
by 1-7 percent at off-design conditions. These test data support  U; = velocity components
the present optimization results for the vaneless diffuser. X, y = coordinates
X,X* = input vector and optimum value &f
Conclusions a,B,y = coefficients
e = turbulence dissipation
A nonlinear Direct Method for OptimizatiotDMO) is devel- N = line minimization coefficient

oped for two-dimensional plane diffusers and three-dimensionl@[m  Mheft
vaneless diffusers. The method, coupled with a Reynolds-
Averaged Navier—Stoke€RANS) solution method, optimizes a

composite objective function of flow parameters which include

laminar, turbulent and effective viscosities
tangential
density and inlet density

o = total pressure loss coefficient
the diffuser’s static-pressure rise and total-pressure loss. & = transformed coordinates
The developed DMO is validated by comparing results to tho .
obtained from an adjoint approach for a plane turbulent diffus .UDSC”ptS
Limited by the solution accuracy of each optimization approach 2 = impeller exit
and their constraints, the comparison between the current solu- 3 = dffuser exit
tions and the solutions obtained from the adjoint method indicates k = iteration
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gZzes N. A. Cumpsty
> EE Chief Technologist, Rolls-Royce plc, PO Box 31, Derby
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0.5 it
o S
| found this an interesting and original paper. Although | do not
Fig. 15 Initial diffuser shape and grid after the first gradient pretend to understand the details of the optimization procedure, |
cycle am interested in the predictions, and one aspect of the results does
surprise me. | would have expected the optimum annulus shape to
A be markedly different depending on whether the optimization was
! ) for minimizing loss in stagnation pressure or maximizing rise in
Grid For Evalusiing g, Grid For Evalunting g,

sk sl static pressure. | am therefore surprised that the shapes of the
annulus are so similar in Fig. 7 for the different optimization
weightings; it does not seem to make much difference whether the
static pressure ris€p or the total pressure losg are optimized.
Similarly, I am surprised that the values of predicted static pres-
! o LT sure rise coefficienC p and stagnation pressure loss coefficient

b X are almost equal for different optimizations, though substantially

o7 better than for the datum diffuser. What does this tell us about the

Fig. 16 Diffuser shapes and grids for evaluating gradient optimization process and about the flow that is being studied?
vector One of the least desirable features of the datum diffuser seems
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to be the sudden area increase near its exit. Is it possible that thea=1 and 8=3, and
improvement in performance of the optimized diffusers comes
primarily from eliminating this feature?
We are told that the compressor volute has very poor perfor-
mance; in other words the pressure rise in the volute downstream f(h)=min(3Aps+Ap;) =min(3Aps+Aps+ A(1/2pu?))
of the diffuser will contribute relatively little to the overall ma- . 2
chine efficiency and pressure rise. In that case would it not have =min(4Aps+A(1/2pu7))
been more appropriate for this diffuser to have optimized only on
static pressure rise and ignore the loss in the diffuser?

for «=3 andB=1. The weighting coefficients for the static pres-
sure rise term of the last two calculatiofs=1, =3 anda=3,
B=1) are identical, although the coefficients for the dynamic head

Closure to “Discussion of ‘Direction are 3 versus 1. Similarly the dynamic-head coefficients between
a=1, B=1 and a=3, B=1 are identical and the pressure rise

Method for Optimization of a coefficients are 2 versus 4. The three cases investigated in Fig. 1
i have much less impact from the changes of the weighting coeffi-
C_entrlfug,al Compressor Vaneless cients than the limiting case with=1 and3=0. In addition, for
Diffuser (2001, ASM E, J. the current diffuser, the gains fro@, and w are comparable in
their magnitudes between the original and the other cases. There-
TurbomaCh" 123’ P- 79 fore, the end configurations are less dependent on the coefficients

used and very close to each other.
: : : Certainly the original diffuser outlet shape plays some role in
Yu-Tai Lee, Lin Luo, and Thomas W. Bein the final result, but it is not the sole contribution. Both Figs. 10
The point made by Professor Cumpsty concerning the resudtsd 12 show that the gain in the loss reduction is mainly from the
related to the variation of the weighting coefficients shown in Figront section of the diffuser and the gain in the pressure recovery
7 is well taken. We found that the figure’s legend was misplacésl mainly from the rear half of the diffuser, but not just from the
in the pamphlet paper; we have redrawn Fig. 7. If the stagnatitast 5 percent of the diffuser length.
pressure is approximated Ipy=ps+ 1/2pu?, the objective func-  Although the attached volute of the present compressor does
tions searched by the three sets of weighting coefficients showmniot perform well, the gain in pressure recovery from the diffuser
Fig. 7 are shown in Fig. 1 is 35.9 percent between the original and the case
. . with e=pB=1. Similarly, the loss reduction is reduced by 24.3
f(h)=min(Apg+Apy) =min(Ap+Aps+A(1/2pu?)) percent. The resultant shape will be different from the current

=min(2Aps+A(1/2pu?)) optimized shape if the coefficients are setagsl and3=0. The
advantage of selecting=1 andB=0 is to achieve a higher pres-
for a=1 andp=1, and sure rise. However, the flow separation shown in Fig. 10 may
F(N) =mMiN(AD.+3AD:) = MIN(AD.+ 3AD.+ 3A(1/2pU2 become pronounced due to lack of control in loss used in the
() (APs PJ (APs Ps (112pu%)) optimization calculation and eventually the stall occurs much ear-
=min(4Aps+3A(1/2pu?)) lier than under the original conditions.
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Von Karman Institute for Fluid Dynamics, Tra nso n i c Tu rb i n e Sta g e

Rhode Saint Genese, Belgium

The paper focuses on the unsteady pressure field measured around the rotor midspan

V. Michelassi profile of the VKI Brite transonic turbine stage. The understanding of the complex un-
Department of Mechanical steady flow field is supported by a quasi-three-dimensional unsteady NStadées com-
and Industrial Engineering, putation using a k w turbulence model and a modified version of the Abu-Ghannam and
University of Rome, Shaw correlation for the onset of transition. The agreement between computational and
Tre, ltaly experimental results is satisfactory. They both reveal the dominance of the vane shock in

the interaction. For this reason, it is difficult to identify the influence of vane-wake inges-
tion in the rotor passage from the experimental data. However, the computations allow us

F. Martelli to draw some useful conclusions in this respect. The effect of the variation of the rota-
Energetics Department “Sergio Stecco,” tional speed, the staterotor spacing, and the stator trailing edge coolant flow ejection
University of Florence, is investigated and the unsteady blade force pattern is analyzed.
Florence, ltaly [DOI: 10.1115/1.13146Q7
Introduction stages were carried out by several researdei$—17, but there

are still many features to be understood. The combination of mea-

For Iow-.press.ure turbiqe application;, the blade interferengﬁ ements, limited to end-walls in rotor blades, with unsteady
has been intensively studied and considerable advances have gihputations, which provide information on the entire flow field,

ready been achieved. The rotor—stator interaction is domin::1‘re<15§ur

X . %ved to be a very powerful tool for this purpdse16).
the vane wakes, which have a positive effect on the rotor blades, 16 frame of a EEC-sponsored collaborative effort, the von

boundary layer statutbecalmed region following the turbulent oman Institute proceeded to an extensive test program to im-
spots. T_hese investigations resulted in decreasing the losses wrﬁy%ve the understanding of the unsteady aerothermodynamics of a
decreasing the number of blades of the rgta@]. transonic turbine stage, including the effects of the rotational

High-pressure turbines have received less attention. Very oftefeed, the stator trailing edge coolant ejection, and the rotor—
a transonic flow exits the vane and the interaction is a combinggator spacing.
tion between direct and reflected shocks and wake, the first being\mche|assi et al[18] compared the measured and computed
predominant. The large pressure gradients associated with #t€ady and unsteady heat transfer around the rotor blade at mid-
shock wave affect not only the aerodynamics of the flow in thepan. Deos et al.[19] reported the steady and unsteady rotor
rotor passage, but also the heat tranf8dr Blades are submitted pressure measurements. The present paper focuses on the interpre-
to unsteady lift that causes vibrations while unsteady heat transfetion of the unsteady aerodynamics around the rotor midsection
regime increases thermal fatigue. The understanding of such caming both experimental results and CFD predictions.
plex interactions is necessary to improve the blade design and the
flow field prediction as well as the evaluation of mechanical and
thermal fatigue. : ;

The experimental insight of the flow unsteadiness in stator E)I'rurblne Test Rig
rotor passages became possible thanks to the miniaturization of he turbine stage was tested in the VKI short duration compres-
the transducers, their extended frequency range as well as the $i98 tube facility CT3(Fig. 1). This facility is capable to simulate
of wireless data transmission systems in the case of measuremé&¥nolds and Mach numbers, gas/wall and gas/coolant tempera-
on rotor bladeg4]. In parallel with the success of experimentafure ratios of modern aero-engine HP turbines.
investigations, several CFD tools have been developed and usedhe rotor midsection is instrumented with 24 surface mounted
for the simulation of the compressor and turbine stator—rotor ifdiniature piezo-resistive pressure transdugé#son the suction
teraction[5—8]. The unsteady flow field can be resolved by théide and 10 on the pressure gideom Kulite, distributed over
time-inclining method[9] or by enhancement of the dual time-three rotor blades. The |mplementa_t|on _of the pressure chips of
step method10]. 1.2x1.2 rr_m? was realized at t_he University of Oxford, UK. The

A sweeping phenomenon of the vane trailing edge shock froffist Fourier Transform of a signal delivered by one of these sen-

the rotor blade crown down to the leading edge was first observlé?fs’ Iocz-:]ted in the VifCirr']itnyf (tjhe rotorl Iglaufjing edge, refzveals at
in experiments by Doorly and Oldfield 1] and Ashworth et al. €8St 11 harmonics of the fundamental blade passing frequency

[12] and confirmed by calculations of Gilé&3] and Saxer and (4.6 kH2. The relative total pressure is measured by means of a

Giles[14]. Giles[13] also reported complex shock patterns ”kétz;ndard Kll.Jliée p_ressutr% t_rar;r?duc?r pkl)?cded |Wit2.a srr:jall retreat in
periodic stator trailing edge shock reflections on the rotor bla mm cylinder Inserted in the rotor blade leading €dge.

L o he data are transmitted via a 16-channel opto-electronic trans-
and periodic emergence of shocks between stator trailing edge an sion system with a bandwidth of 80 kHi20,21]. The signals

rotor leading edge. The measurements of the unsteady presgq%1 .
) o LT of the transducers were corrected during the run-up of the rotor as
field and heat transfer coefficients in highly loaded transon\llgeII as during the blowdown for the cgentrifugal 1|‘Oorce with an

in-house method and for the temperature according to a procedure

Contributed by the International Gas Turbine Institute and presented at the 4 ; f
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Gg-avebped by AInSWOI’t[]ZZ]. The overall uncertainty on the rotor

many, May 8~11, 2000. Manuscript received by the International Gas Turbine Insakifface pressure measurements is evaluated to be of the order of 1
tute February 2000. Paper No. 2000-GT-435. Review Chair: D. Ballal. percent of the relative inlet total pressure.
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the periodic boundaries and at the stator—rotor interface, the grids
of adjacent blades are overlapped to ensure a C-1 continuity of the
solution without altering the structure of the solver. The I-type
grids for viscous calculations have 20004 and 25& 153 points

for the stator and the rotor, respectively. While the real turbine
stage consists in 43 vanes and 64 blades, the numerical domain is
composed of 2 vanes and 3 blades.

The vane-to-blade ratios are 1.488 and 1.5, respectively. In the
computations, the rotor rows was rescaled by a factor 0.9923
whereas the stator row, which controls the mass flow rate, was left
unaltered.

The boundary conditions are set by specifying the stage inlet
total pressure, temperature, flow angle, turbulent kinetic energy
.6 percentand length scalél percent of the stator pit¢land
e stage exit static pressure. A no-slip adiabatic wall condition is
set on the stator blade, whereas heat transfer is allowed on the
rotor blade by imposing the ambient temperature, as is the case in
the tests.

Data transmission Emitting diodes
board board (16 channels)

Fig. 1 Turbine test section

Full details on the turbine test rig, the turbine stage, and tﬁ
instrumentation were reported by Bas[4].

Quasi-Three-Dimensional
Solver

The implicit time marching code MDFLOS3D is designed orurbine Stage
solve the unsteady Faveweraged three-dimensional Navier—
Stokes equations expressed in terms of conservative variablesThe main geometric characteristics of the turbine stage at mid-
The solver is used in a quasi-three-dimensional manner by assiipan are summarized in Table 1. The vane is internally cooled
ing a variable stream-tube height. The equations are discretized(dh= 3 percent of overall mass flgwvith ejection at the trailing
centered finite volumes in curvilinear coordinates, and solved byegge on the pressure side. The rotor was designed with a meridi-
scalar approximate factorization method. The steady-state solutital flow divergence of 10 percent to reduce the axial outlet ve-
is achieved by a local time step strategy, whereas time-accurl@ieity and to minimize the secondary losses. The inlet and outlet
calculations are carried out by a second-order-accurate doup@ditions and the main similarity parameters are reported in
time step approacf23] introduced in the factored solver, retain-Table 2.
ing the implicit nature of the algorithii24]. The experimental traces, originally sampled at 300 K@%

Zero equation turbulence models, which, although often impl@oints per passage at 6500 rpwill be presented as phase-locked
mented, should not be used in stator—rotor interaction becausea¥g¢rages of 129 vane passagéwee revolutions Due to the
the lack of any history effect, are replaced here by-a» two- absence of a brake, the rotor accelerates during the test; however,
equation turbulence model. The excessive turbulence productibis acceleration is limited by the presence of an inertia wheel
in stagnation points due to normal strains, common to all turb(Fig. 1) to about 800 rpm/s at 6500 rpm. The time corresponding
lence models based on the Boussinesq assumption, is limitedtdnthree revolutions is about 0.03 s and the variation in the rota-
this version of thek—w model by introducing the realizability tional speed, the rotor relative inlet angle and pressure are limited
constraint proposed by Durbj@5]. Details can be found in Mich- to 24 rpm, 0.5 deg, and 3 mbar, respectively. The rpm variation
elassi et al[18]. during the 0.03 s is taken into account in the phase-locked

The two-dimensional nature of the flow allows a transitio@verage.
model based on integral parameters to be used. The selectelihe phase-locked averaging routine does not use any interpo-
model detects transition by using the Abu-Ghannam and Shégfion of the signal and provides high-quality statistical data com-
correlation[26], while the transition length is modeled accordingPosed of:
to Michelassi et al[18].

The stator and rotor blade profiles are those at midspan with a
variable rotor height modeled with a variable stream-tube height.
Both the stator and rotor grids are of the I-tyfeig. 2 with

Unsteady NavierStokes

Table 1 Typical stage geometric characteristics

not-point-to-point periodic boundaries. This choice ensures Stator Rotor
nearly orthogonal grid in the wake with a reduced skewness. ¢ Number of blades 43 64
Chord 72.3 mm 48.4 mm
Axial chord 43.2 mm 39.6 mm
Hub radius 344.5 mm 339.4 mm (at exit)
Tip radius 395.2 mm 395.2 mm

Table 2 Stage flow conditions at design point

Top 440 K M, 1.03
Py 1.620 bar Poo; 0.927 bar
Py/Ps3 3.05 M,, 0.45
Reses 10° M, | 089
To/Twall 1.5
Te1/Tcoolant 1.5
Overall mass flow 10.8 kg/s
Rotational speed 6500 RPM
Vane passing frequency 4.6 kHz
Fig. 2 Stator and rotor grids Stator-rotor spacing 035 coax
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» the mean period across a pitgbhase-locked average
e the minimum and maximum of the mean period,
 the rms for each point of the phase-locked average,

e a linear regression correlation coefficient between the r

and the phase-locked averaged signal.

Cs,

ax

Influence of the Shock. A sharp pressure rise associated with
a peak in rms can be seengt0.97. This large fluctuation can be
associated with the traverse of the probe across the vane trailing
edge shock. To aid interpretation, Fig. 3 shows a schematic of the
vane shock and wake derived from a Schlieren picf@i@ taken
in a linear cascade and from vane outlet angle measurements in an
annular cascadg28], both behind the vane alone and in steady
flow conditions. In this simple representation, the position of the
shock interference with the plane corresponding to the probe nose
can be located ap=0.91. Note that the peak in the rms does not
mean that high static pressure fluctuations occur within the shock,
but stems from the slight changes in the shock position, which
cause an artificial fluctuation in the phase-locked averaging
process.

The computations reveal that the shock is not steady but oscil-
lates slightly around the axial direction. This can be clearly ob-

served in Fig. 10, which reports the shock functioB=(U/

a-V(p)/|V(p)|) in the stage. This function highlights the zone of
high Mach number combined with steep pressure gradients. The
compression and expansion waves are represented with red and
blue lines, respectively. Two vane trailing edge shock wases
can be identified attached to vane 1 and 2. While the first has an
incidence similar to the steady representation, the second is in-
clined below the axial direction. This last case almost coincides
with the shock reaching the rotor leading edge. This inclination of
the shock is probably responsible for the small difference between
the measuremeritp=0.97) and the steady cage=0.91). While
the shocksB remain attached to the vane trailing edge, the origin
of the expansion wavd3 moves upstream and downstream on the
ne rear suction side depending on the relative position between
at\/f?e stator trailing edge and the rotor leading edge. As a result, the
static pressure field of the vane is also affected. This effect is,

The phase-locked averages and the results of the computatibngever, limited to the suction part located downstream of the
will be presented as a function of the vane reduced pitch, referrdutoat, as shown in Fig. 5, that reports the vane isentropic Mach
to as phase in the following. =0 when the stacking axis of the number fluctuations distribution. This phenomenon was observed

rotor blade is aligned with the one of the vangs1 when the
blade has completed one stator pitch travéFsg. 3. All signals
were corrected for the phase delays induced by the instrume

tion and transmission boards.

Unsteady Inlet Relative Total Pressure

The phase-locked averaged signals of the rotor relative infigw ejection. The impact of the wake on the total pressure probe
total pressure variatiod Py, /Po; with an axial stator—rotor dis- inserted at leading edge predicted by the simple steady assump-
tance of 0.3% 54, for 6500 rpm, with and without stator trailing tion occurs atp=0.91 instead ofp=1.15(A¢=0.24) found in the
edge coolant ejection, are shown in Fig. 4 together with the rmseasurements.
distribution. The amplitude of the total pressure fluctuations at |n low-speed turbines, the wake slip effect results in a lower

6500 rpm amounts to 6.5 percent of the upstream total pressifigidence angle and causes the wake to reach the leading edge
Py, or 11.2 percent of the design relative inlet total pres®yg.
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Fig. 4 Phase-locked average and rms of the measured rotor
relative inlet total pressure: influence of trailing edge coolant

ejection
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RMS

in both experiment$16] and computationf14].

taI_nﬂuence of the Wake. The bump in the rms distribution just

0 the right of the peak, with a local maximum @+1.15, prob-
ably points to the impact of the stator waldéig. 4). This inter-
pretation is supported by the difference in the rms distribution

between the pressure traces with and without trailing edge coolant

1.2 B . ...,average ........
minimum

maximum ------

. 08
&

0.6
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x/Cax

Fig. 5 Computed isentropic Mach number distribution on the
vane (6500 rpm, 0.35 ¢ 5, M =3 percent)
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sooner than expected. An opposite effect is observed here. In con- 0.08 . -

trast with low-speed turbines, transonic turbines exhibit large ] yo--- 6000 RPM

pitchwise static pressure gradients downstream of the vane. If the 0.06 |\ 1-’ VoA I ,-". — 6500 RPM

. o X X U N\ —-—- 6800 RPM

relative flow angle inside the wake is computed in a zone of low p P

static pressure, it can be locally higher than the mean flow angle. 0.04 [

The wake path and the pressure discontinuity propagation line  _

being different, the over or underdeflection of the wake would ‘&a 0.02

depend on how often the wake traveled in a low or high static o

pressure zone. As a result, it is very difficult to anticipate if the 0.00

wake will hit the rotor leading edge sooner or later than expected.

The situation is further complicated here by the fact that the wake -0.02

and the shock probably intersect in the vicinity of the measure-

ment plang(Fig. 3). In any case, the variation of angle caused by -0.04 °

a total pressure drop of 8 percent with a constant pitchwise static

pressure would not result in a phase difference larger than 0.03 in 0.08 — "

the present case. — 0.35Csax
The distortion of the path can be better observed in the compu- 0.06 | - 0.50 Csax f

tations. Figure 15 shows the instantaneous velocity field minus the 1 "'

average one. The wake can be identified in the regions where the 0.04 | ."" ]

velocity vectors are oriented upstream. The design mean inlet H b

relative angle is approximately 45 deg. A&0.9, the wake, vis- & o002 i b

ible in the lower left corner in the region where the velocity vec- g ] 1

tors are oriented upstream, has a negative incidence. In the next 0.00 ! '’

step(¢=0.10 the wake incidence is close to the design incidence.

This step almost coincides with the phase at which the wake in- -0.02 - ]

fluence on the total pressure probe is suspected. Proceeding fur-

ther to stepp=0.30, the wake, still visible thanks to the instanta- -0.04.5 o5 Y e 20

neous velocity defect, has a positive incidence in contrast to the Phase

negative incidence at=0.9. Figure 6 shows the computed instan- _ )
taneous rotor inlet relative and absolute mass-averaged fi6ig- 7 Inflience of: (a) rotational speed (0.35C; a, M,
angles. =3 percent), and (b) stator—rotor spacing (6500 rpm, m,
The computations predict a stator average exit absolute fI(%T/(\)? Sp:)ercent) on measured relative inlet total pressure fluctua-

angle of 72.6 deg that compares well with the angle measured’

downstream of the isolated stator: 72.3 deg. While the computed

amplitude of the absolute angle fluctuation is around 5 deg, the . . e .
one of the relative angle exceeds 10 deg. nitude below. The pitchwise variations of absolute vane exit angle

The relative inlet total pressure fluctuations are dictated by tR@d total temperature make only minor contributigak

static pressure field. The pitChWise variations of the predicted|nﬂuence of the Tested Parameters. The coolant flow ejec-
static pressuréshock and the measured absolute total pressukgn has no significant influence on the relative inlet total pressure
(wake) downstream of the vane alone are of the order of 30 arfistribution (Fig. 4) in spite of significant differences in the trail-

10 percent of their mean values, respectively. While the firgig edge shock patterns revealed in the Schlieren photographs
variation spreads on the entire pitch, the second is limited to the7]. As far as the rms distribution is concerned, the only, but
wake width. If one derives the relative rotor inlet total pressuigeak, effect of the trailing edge coolant ejection occurs in the
from these absolute conditions and the peripheral spesldcity region of the wake interference.

triangle), the print of the static pressure variation dominates due t0 The influence of the rotational speed is shown in Fig).7The

the low relative Mach numbe0.45 and the associated pressureymplitude of the fluctuation clearly increases with the rotational
ratio P, /Poy (0.87. The print of the wake is one order of mag-speed. This can be explained by two effects:

« for fixed stator outlet conditions, the increase of the rotational
speed causes a decrease in the relative inlet velocity, which rein-
forces the contribution of the static pressure variatemmincrease
of rotational speed from 6000 to 6800 rpm causes a change of 3.6
percent inPgy);

» the measurements of the intermediate static pressure at tip
across one pitch revealed that the amplitude of its variation in-
creases by 10 percent when the rotational speed rises from 6000 to
6800 rpm.

The second contribution is clearly dominant here.

The influence of spacing is shown in FighY. The patterns are
quite different with the emergence of an additional peak of not-
negligible amplitude atp=0.75. The sharp pressure gradient as-
sociated with the shock appears at the same position for both
spacings suggesting that between @35 and 0.5Q; ,, the sta-
tor trailing edge shock propagates nearly in the axial direction.

| absolute-instantaneous —-

‘relativezinstantaneous -

Angle [deg]

-80
0 02040608 1 12141618 2 Unsteady Rotor Midspan Pressure
phase The time-averaged pressure distributions around the rotor blade
from experiments and computations are compared in Fig. 8. The
Fig. 6 Computed rotor inlet flow angle effect of incidence due to the change of the rotational speed ap-
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pears clearly in the experiments on the front suction side. Tl
overall agreement between experiments and computations is r
sonable except in the leading edge region on the suction side
similar feature was observed when comparing the time-averac
experiments with a steady three-dimensional Navier—Stokes st:
analysis. Reasons for this discrepancy are proposed moDe
et al.[19].

The unsteady measured and computed pressure traces at eas %

AP/PO1

Q

the 24 measurement locatiof@00 rpm, 0.3%; ,,) are presented
as (P — Pyme-averagh/ Po1 OVer two pitches in Figs.(®, b, ¢). The
mean of each trace is zero but a shift was introduced between t
successive traces for clarity. A fairly good overall agreement
obtained between the measurements and the computations.

The static pressure fluctuations measured in gage 14 are v
close to the measured relative inlet total pressure fluctuatiot
which suggests the vicinity of the stagnation point.

Influence of the Shock. The largest fluctuations are observec
in the leading edge regiofFig. b)) and the steep pressure in- =
crease can be associated with the stator trailing edge shock hitt & -
the crown of the bladégages 5 and ¥4and sweeping the front %
suction side(gages 3, 2, Lltoward the leading edg@age 14.

In Fig. 10, the shoclIB, originating from vane 1 and impinging
on rotor blade 3, is represented @t+0.83, when it passes over
location 3. This coincides in Fig.(8) with a steep pressure rise.
Similarly, the expansion wav® impinging on rotor blade Zpre-
sented akp=0.17 in Fig. 10 causes the pressure decrease in It
cation 4 ate=0.17 in Fig. 9b).

All the traces in the leading edge region exhibit a very simile
pattern. First a large fluctuation per period beginning with a ste: : . .
pressure rise is evident, immediately followed by a short doub 0.0 0.5 1.0 1.5 2.0
peak pattern. Then, after a strong decrease, a plateau is obser Phase
While the double peak feature is present in all the measurements
of Fig. Ab) it can only be clearly detected in traces 1 and 2 of thEig. 9 Pressure fluctuations from measurements and compu-
computations, and marginally in trace 14. This can be attributedt@$ions (6500 rpm, 0.35 ¢ o, M.=3 percent): (a) gages 5-13,

a “low-pass filtering” effect, which is observed for certain com-(b) gages 15-4, (c) gages 24-16

binations of physical time step and grid spacing in the tangential

direction at the stator—rotor interface plaf#t]. The same phe-

nomenon may be responsible for the smoother pressure increisthis region while it is subsonic with respect to the blade wall.
associated with the vane trailing edge shock. For this reason, it is difficult to interpret the reflection as is usually

The double peak pattern was observed by Dietz and Ainswordilone for supersonic flow with fixed walls.

[29]; in their case the first peak appeared within the steep pressuré&igure 9b) also shows that the amplitude of the fluctuations is
rise. In the experiment of Doorly and Oldfigldl1], with rotating increasing rapidly from 8 percent d?y; at location 14 to 24
bars in front of a cascade, the Schlieren picture revealed that fhercent at location 4or 40 percent of the meaR,), which
instantaneous steep adverse pressure gradient, located in a zomexoéeds by far the predicted steady pitchwise variation of static
large time-averaged favorable pressure gradient was initiatingpeessure behind the stator alofi® percent ofPy,). A very simi-
recirculation bubble visible only after the shock had cleared olar feature was observed in the measurement by Rao gt&lfor

the leading edge region. Here, the double peak feature is massimilar stage configuration. Conversely, the calculations by
probably due to a local shock or pressure discontinuity reflectioBiles[13] showed an opposite trend.

Note that in the absolute frame of reference, the flow is supersonidrigure 11 illustrates the vane trailing edge shock impinging on
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Fig. 10 Computed shock function in the stage with schematic

of expansion waves (blue lines ) and compression waves (red
lines); the phases of rotor blades 2, 3, 4, and 5 are 0.17, 0.83,
0.49, and 0.17, respectively

Fig. 12 (a) Minimum, maximum of mean period; (b) time-
averaged rms; and (c) correlation coefficient of the experimen-

tal pressure traces for spacings 0.35 ¢ 44 and 0.50 ¢, ,, (6500
rom, m =3 percent)

the rotor suction side at three successive time steps. At time step

A, the shock impinges the crown of the rotor blade in a region of The influence of the shock traveling inside the rotor passage
low static pressure, i.e., supersonic flow in the absolute framgan be tracked by the observation of the static pressure field in
Note that the part of the channel delimited by the dotted lingig. 15. The position of the stator trailing edge shockrat0.50
(shortest distange the vane and rotor walls and the shock lineind ¢=0.70 is indicated with a white bar on the left side. When
constitutes a convergent—divergent channel. At time 8tefhe  sweeping from the rotor pressure side toward the suction side of
divergent part is reduced and the local static pressure is highge upper blade, the shock does interact with the wake, increasing
than atA, which decreases the strength of the shock. It is docally the static pressure. This phenomenon is more evident at
creased further at time step. Note that the shortest distancey=0.70, when the static pressure grows rapidly in the entrance of
between the vane trailing edge and the rotor leading edge athe rotor passage. The local static pressure maximum follows the

decreases from time stepto C. shock and reaches the suction side of the next rotor blade, but
The nearly axial evolution of the stator suction side shock alsgver manages to travel downstream of the crown.

suggests that point 4 or 5, located on the rotor crown, are the lastn the front pressure sidgages 15 and 16, Figs(l9 c)), the
ones able to experience a direct effect of the shock. Note theerall pressure modulation is smooth except for the appearance
phase opposition between traces 5 and 6, shown by both compfitwo small pressure peaks attributed to weak shock events. The
tations and experiments. observation of two distinct spikes at the same phase in the rms
traces reinforces this conjectuiféig. 13. While the first peak can

be associated with the stator trailing edge shock, the second is
probably due to the impact of a reflected shock. In Fig. 10, the
shockB, originating from vane 1, produces a weak reflect®n
across the rotor passage, followed by an expansion Eduether
downstream. This reflection affects location 14 of the rotor blade
4 at 9~0.5. A small pressure increase is observed in the compu-
tations together with the double peak in the experimehig.

9(b). Location 14 of rotor blade 5 will be affected later by the
shack direct impact of shoclB from vane 2 atp~0.17. This effect can
also be observed in Fig(19. Note that the shock reflectiod as

well as the expansion waé appear in the rotor passage only
between blades 3 and 4, i.e., that they emerge periodically. A
similar feature was observed in the computation of Gjil3.

The amplitude of the pressure fluctuations becomes very small
on the rear pressure and suction sid@—max envelope in Fig.
12(a)). On both sides, gages 22—-24 and 7-8 exhibit a double
fluctuation over one period with similar amplitude and phase
(Figs. 9a, c). This suggests that a unique phenomenon simulta-
neously affects the entire passage in this region. A careful exami-

Fig. 11 Schematic showing the vane trailing edge shock as it nation of the traces 19-24 reveals that while the first pressure
sweeps the blade front suction side wave occurs simultaneously for all traces, the phase of the second
86 / Vol. 123, JANUARY 2001 Transactions of the ASME
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pressure wave is slightly shifted from one trace to the successi
one, showing a perturbation traveling upstream. This feature
also mentioned by Gilekl3]. -

On the rear suction side, the amplitude of the fluctuations §
points 7 to 13 is much smaller than in the leading edge regicg P
(Fig. 9a)). The time-averaged rms and the correlation of the ra
signal with the phase-locked averaged sigiféd). 12b, c)) bring
more information on the nature of the fluctuations. This informa
tion cannot be extracted from the computations since the solutit
is converged when a periodic flow field is obtained.

In these locations, the time-averaged rms is of the same order
at the leading edge but the correlation coefficient decreases ds.[
matically down to 0.3 at the trailing edge. This means that, whil®
the amplitude of the periodic component decreases, random fl
tuations of increasing importance appear. Unlike at the leadir . . .
edge, most of the fluctuations in the signal are not correlated wi 0.5 1.0 15 2.0
the shock passing events. Notice that this part of the rotor blade 1> Phase
hidden from a direct influence of the shock. The FFT analysis did, 13 The rms traces (6500 rpm, 0.35 ¢ M,=3 percent)
not reveal any other frequency than the blade passing frequeRG¥he biade nose region; propagation directions at v, v+a, v
meaning that the fluctuations are mostly random. This region cat+ for a perturbation injected at point 14 at ~ ¢=0.15
responds to a small deceleration in the Mach number distribution
that could cause a thickening of the boundary layer, associated
with turbulent fluctuations of increasing importance.

On the rear pressure side, the rms stays at a constant low |
after point 18 but with a high level of correlation. This means th
most of the fluctuations are correlated with the blade passing f
quency. This part of the pressure side seems accessible to
stator trailing edge shock and can probably be reached by
flected shocks.

eq&ased strongly with increasing axial distance. Similar observa-

dions are reported by Venable et E83]. The absence of coolant

giection causes a small decrease in the amplitude of the fluctua-

tQes. mainly in the front suction side. When increasing the rota-
nal speed, the amplitude of the fluctuations tends to increase

slightly, similarly to the pitchwise static pressure distribution in

the interblade region. The shapes of the rms curves and correla-
Influence of the Wake. Two wake effects can be distin- tion curves are quantitatively conserved. Among the three param-

guished: the wake effect traveling at acoustic speeda andv  eters, the spacing is clearly the most influent.

—a) and the wake distortion effect traveling at the local convec-

tive speed. In some cases, pressure perturbations traveling clos,

the convective speed were obsery8a,31]; in other experiments Sﬁ%teady Blade Force

[29] pressure fluctuations traveling at acoustic speed wereThe unsteady blade force modulus and angle are shown in Fig.

identified. 14. This was obtained by integrating the pressure around the blade
An attempt was made to track the propagation of the perturuxof”e. The computations reproduce the essential features of the

tions associated with a wake along the blade. This was performfé@w except the up-down shape of the force module between

assuming the injection of a perturbation at point 14patl.15, ¢=1.2-1.5. Some disagreements were observed in the same

according to the observations in the rms tracesPgf . Then, Phase range for the pressure traces at locations 2, 3, &Ry 4

three propagation lines were computed: one with the local cofd)). At 6500 rpm, the mean blade force is directed from the

vective speed derived from the Mach number distribution deterpressure side toward the suction side and has an angle of 47 deg
mined experimentally, the second with+a, the third withp ~ With respect to the axial direction; the fluctuation of the modulus

—a, plotted as dots on top of the rms traces in Fig. 13. is of the order of 11 percent of its mean value while the direction

The v —a trace stops at gage 4 because the local convective
speed becomes almost equal to the speed of sound resulting in a
zero propagation velocity. No clear correlation between the trac~~ 1.8 .
and the peaks in rms appear. The same dots plotted on the st
pressure signals do not reveal any trend either. As mention
earlier, the wake influence is at least one order of magnitude Iové 1.6
than the shock influence due to the transonic regime of the nozzg
The distortion of the wake when approaching the leading ed@ 1.5
region was discussed previously. At phase0.5 (Fig. 15 the g 44
wake is ingested into the rotor passage. The velocity defe
reaches the suction side of the next rotor blade. This migratic 13
from pressure side to suction side inside the passage was obsel 60 ——— T

i o-—a Exp' GO(IJO RPI\h
} e—o Exp 6500 RPM J
| &—a Exp 6800 RPM /n_

=17}

velocity difference between the rotor suction and pressure sides §
responsible for the distortion of the wake. Despite the distortio
the wake is visible for quite a long time after the collision with the
rotor leading edgéey=0.9, central part of the channel 40

L 0.0 0.5 1.0 s 2.0
Influence of the Tested Parameters. Most of the qualitative phase

features described for the spacing 0c3g are also encountered

for the spacing 0.505 .. The amplitude of the fluctuations isfrig. 14 Unsteady blade force modulus and angle ~ (0.35 ¢, .y,
noticeably smaller in the leading edge regigages 2, 3, and 4 in m_=3 percent ) from experiments at 6000, 6500, and 6800 rpm
Fig. 12a)) showing that the shock intensity has probably deand computations at 6500 rpm

| ] '
in both experiment§32] and computation$30] for low-speed N : : AT
turbines. The situation is further amplified @=0.70 where the [~ RN U1\a [t
wake has proceeded farther downstream. The large convect.2 s0 L/ 1 | ”
[, { |
1

5

r
| A Mean Force
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Fig. 15 Unsteady velocity and static pressure field in the rotor
passage

The rotor relative inlet total pressure is submitted to fluctua-
tions with an amplitude of 10 percent of its mean value. It is clear
that the trailing edge shock imposes a strong static pressure dis-
continuity, which is largely felt in the relative total pressure. The
wake has a less strong effect but the computations show how it
interacts with the shock and how it is distorted.

The unsteady rotor surface pressure field is also dominated by
the strong gradient imposed by the vane trailing edge shock on the
front suction side. The shock-sweeping phenomenon from the
crown toward the leading edge was clearly identified, associated
with fluctuations up to 40 percent of the design relative total pres-
sure. The decrease of the fluctuation amplitude from the crown to
the leading edge is explained by the decreasing strength of the
shock caused by the increasing local static pressure. The periodic
emergence of a reflected shock was put into evidence. The ampli-
tude of the fluctuations decreases strongly on both the rear suction
side and pressure side, where the shock has no direct impact. On
the first, random fluctuations of increasing amplitude appear while
on the second, the fluctuations remain strongly correlated with the
blade passing events. The computations reveal that the path of the
wake is highly distorted, not only due to a local velocity deficit in
the main stream but also due to its interaction with the shock.

While the unsteady pattern is little sensitive to the tested range
of coolant ejectior(0 and 3 percentand rotational speed$000,
6500, and 6800 rpim a noticeable decrease of the amplitude of
the fluctuations is observed in the leading edge region when in-
creasing the axial spacing (0.85,4,0.50C 5)-

The unsteady blade force is dominated by the shock sweeping
phenomena. At design conditions, the fluctuations of the axial and
tangential forces amount to 29 and 11 percent of their mean value,
respectively.

Acknowledgments

This research was carried out under contract for the European
Commission as part of the BRITE EURAM AER 2-92-044 tur-
bine project “Investigation of the Aerodynamics and Cooling of
Advanced Engine Turbine Components.” The authors wish to
acknowledge this financial support as well as the contributions of

of the force changes by 10 deg. The most striking feature is thes industrial partners ALFA AVIO, FIAT, MTU, SNECMA, and
increase of the modulus and the decrease of the angle in betwg@/JRBOMECA. The authors are grateful to Mr. Neri Bonfanti and

the vertical dotted lines.

Leonardo Florenzano for the efficient analysis of the numerical

This region corresponds with the one in FighPwhere the data.
sharp pressure rise associated with the vane trailing edge shock
occurs. This higher pressure on the front suction side causes a

force increase in this region, sketched by a small arrow on the I&fomenclature

of the lower graph of Fig. 14. Combining this last with the mean 4
force, the modulus of the unsteady force is increased and the anglg
inclined toward a more axial direction. Kk

When varying the rotational speed, the blade force directiony,
logically follows the same trend as the flow incider(@gidence g
increases at 6000 rpm and decreases at 6800 dwe to the p
change of the peripheral speed and the fact that the rotor relatipg
exit angle is not very sensitive to the inlet angle. Note that theT
local torque computed using the mean blade force and the loca)
radius times the blade height gives the design power of the turbing,
within 5 percent.

= speed of sound

chord

turbulent kinetic energy
mass flow

Mach number
pressure

Reynolds number
temperature

velocity

turbulence frequency
phas€0-1] vane pitch

This unsteady blade force will cause an unsteady torsion of théJ = gradient
blade. It has also repercussions on both the torque and the a 'al) .
thrust. The fluctuations of the axial force and the tangential foréeu scripts
on one blade at 6500 rpm, 0.85,4, 3 percent coolant ejection ¢ = coolant

are 29 percent and 11 percent of their mean value, respectively. 1
these variations occurred in phase for the 64 blddésch is not s
the casg there is no doubt that strong vibrations would be felt on 1

total quantity
static quantity
stator inlet

the shaft. 2 = stator outlet, rotor inlet
lusi 3 = rotor outlet
Conclusions r = relative to the rotor frame
The comparison between the measurements and the calculss = stator
tions is satisfactory. The computations reproduce all the main fea+ = rotor

tures that exist in the measurements. ax
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Experimental Heat Transfer

and Bulk Air Temperature

Measurements for a Multipass
sougias urman | INEEYNAI Gooling Model With Ribs
srsty | and Bleed

_ . Ph”'p Pomsaﬂe simple three-leg serpentine test section that simulates a turbine blade internal cooling

National Aeronautics and Space Administration, passage with trip strips and bleed holes. The objectives were to investigate the interaction
Glenn Research Center, of ribs and various bleed conditions on internal cooling and to gain a better understand-

Cleveland, OH 44135 ing of bulk air temperature in an internal passage. Steady-state heat transfer measure-

ments were obtained using a transient technique with thermochromic liquid crystals. Trip
strips were attached to one wall of the test section and were located either between or
near the bleed holes. The bleed holes, used for film cooling, were metered to simulate the
effect of external pressure on the turbine blade. Heat transfer enhancement was found to
be greater for ribs near bleed holes compared to ribs between holes, and both configu-
rations were affected slightly by bleed rates upstream. Air temperature measurements
were taken at discrete locations along one leg of the model. Average bulk air tempera-
tures were found to remain fairly constant along one leg of the model.

[DOI: 10.1115/1.1333090

Introduction form bleed flow rates. The present study focuses on varying bleed
. . . . - . rates and rib placement relative to hole locations.
rgggﬂ rgL:gt?gst :r?dd Ofug:gii r{ett eerggQ;tgfgslgﬂsisr?niuglrrt]gnth ]'tg?e'aThis report provides experimental heat transfer data for the first
P P g P ! p ﬁg’% of a serpentine internal cooling channel with trip strips and

ﬁﬂgﬁg d rgfalt(eeréal'sn tc: x'.wstgg%etqgﬁqe e?’girir;: bg?ondlttlk?gsér't(') Bfeed holes. A transient liquid crystal technique, as described by
ping turbr peratu ow critgg ppensteel¢14], was used to determine the surface heat transfer
metal temperature level is to cool the blade by routing cooling air

. . “Coefficients. Ribs were placed at two locations relative to the
from the compressor through.turbulated serpentine passages in Fé%d holes. One case had ribs spaced equidistant between the
blades. Small amounts of this coolant can then be bled into t §

. les; th her had ribs j ream of the holes. Differen
external boundary layer flow through discrete holes on the surf es; the other case had ribs just upstream of the holes. Different

tures correctly requires quality experimental data, especially g o rimental data were also obtained on bulk air temperatures in
validate turbomachinery CFD codes often used in the deS|gntﬂ channel.

engine components.
Many experimental studies have considered the effects of Rey-
nolds number and different rib geometries on the heat transfer Apparatus

internal cooling channels, such as Lau et[a], Han[2], Chyu S N
[3], Zhang et al[4], Wang[5], and Taslim et al[6]. Recently _The overall test facility is shown in Fig. 1. Room temperature

there have been experimental studies on the combination of intghr-i V;IiiZI déﬁggimg’n;?:ngfn{;ﬁlmti)r{u?nvggﬁ%rgu?:hﬁ;:t;%’;éﬁ?d ?on
nal cooling with ribs and bleed. Taslim et &¥] studied the ef- P

fects of bleed holes on heat transfer on a trapezoidal internal coglgt Cslgi{i;?rym“gagﬁztac ttﬁeStrﬁgggofrll(‘)v's‘?a?gf'ggﬁ tg(;ues);gbcl); tﬂgw
gil

ing channel. Shen et.a[l8] reported on heat transfer enhancemer eters were attached to the bleed holes of the test section. The

In a con\éeg?ln% itr;cughtEllgze(rjnal [g’c]mhng_ c(?e;}nnel W'thf”bfc‘ aMBleed air was collected into a manifold and flows through an ori-
staggered bleed holes. ad et[&l] studied heat transfer in a ;. h

L - fice to determine the overall bleed mass flow rate. Tunnel flow

turbulated two-pass channel with ribs between bleed holes. Rig Parted when a ball valve was opened downstream of the orifices.

ghg:; [;tol{l ?Ig]p 2232 itsggltlg’esgrlei%ir?rﬁwih&ellf]étﬁgideyﬁ) D\?{;; da%I’ghe model was enclosed in an oven covered with an automatic
e e - 3 . mperature-controlled heater blanket. Two “cool” HSI lamps
numerical predictions for complicated internal cooling geom-ndpa color digital CCD camera were used to view the mogel.

ﬁqtgeshoﬂot\:\ée\;egég daetyﬁ;ggt;ﬂ;b ;;neet\,\?éz?]er%isszg% m:esa?? éiieo images were stored in computer memory at 1 frame/s using

y P d : YIR% ommercial video frame grabber and were backed up on S-VHS

pressure gradient on the external surface of a blade may aﬁem.vic?eotape at 30 frames/s. A time-date generator was also used to

flow bled from the internal cooling channel, resulting in nonuniz. o4 the time with the video data.

The test section, made of 1.91 ¢t75 in) thick acrylic walls,

Contributed by the International Gas Turbine Institute and presented at the 4 o ; ;
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Gﬂad two partitions to create a serpentine channel, as shown in

many, May 8-11, 2000. Manuscript received by the International Gas Turbine Insi%jg- 2. The firs't and second !egs of the.mOdel were B&B7 cm
tute February 2000. Paper No. 2000-GT-233. Review Chair: D. Ballal. (2.625x2.625 in) cross section; the third leg was 6X63.3 cm
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Fig. 1 Test facility

(2.625x1.3 in). Rounded trip strips, also made of acrylic, weresurface for calibrating the liquid crystals. Temperature and pres-
attached to the lower surface of the model on all three legs, spacenle data were recorded by a PC-based data acquisition system.
5.08 cm (2 in.) apart and oriented 90° to the airflow. The rib

height-to-channel height ratice{D) was 0.076; the rib pitch-to- Procedure

height ratio P/e) was 10. Eight 0.38 cr(0.15 in) diameter bleed
holes, spaced 5.08 cf2 in.) apart, were drilled normal into the

lower surface of the first leg only. cally between 54.4 and 65.6°@30 to 150°F. After the model

Liquid crystals, by virtue of thel_r ability to change color with reached the desired temperature, the cameras were turned on, and
temperature, were used to determine surface temperature measure-

ments. The lower surface of the model was sprayed with flat black
lacquer, then with narrow-band microencapsulated chiral nematic
liquid crystal paint for measuring the surface temperature to d
termine heat transfer. The video camera was perpendicular to
lower surface of the test section. Static pressures were meast

on the lower surface of the model at the locations shown in Fi
3(a). Open-ball thermocouple probes were placed in the airstreFiow
through the sidewall of the first leg and through the upper surfa y
at the turns and ends of the channels, as shown in Figs.a8d

3(c). Thin-foil surface thermocouples were attached to the low X

(@)
7
X é X

Once the mainstream and bleed flow regulators were set, the
test model was heated in the oven to a uniform temperature, typi-

7x L] 1 <8l ) | |

ox{ 1] sl |11
aUEERCRER

0 TN N O IR O AN MM KT

Partition —

- R 15.24
ow 2 §#3] |4 - &
FIEIE U] =
(b)
x ! \ \
AN 132 U gleed hole
Rib location 1— — Rib location 2 r-10.2
A 1.27=
—{ 1041 |~ Partition = 7
e = )}
Bleed air
©
Bleed air 508 5.08 Fig. 3 (a) Static pressure measurement stations. (b) Air tem-
perature measurement stations.  (¢) Air temperature measure-
Fig. 2 Test section (units are in cm ) ment locations in first passage  (units are in cm ).
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Table 1 Nominal percentage of total bleed flow in each hole o= 1fexp([32)* erfo( B)

Hole # Uniform increasing Decreasmg No where 9= (TI _TW)/(Ti _ Tr)l 18: h*(t/pck)o's, Ti is the initial
bleed bleed bleed jbleed| g, face temperaturd,, is the wall surface temperaturg, is the
1 Inlet 12.5 0 244 0 bulk air recovery temperature, ands the time from the start of
2 125 4.3 21.0 i the test. Note that this assumption is not actually valid near the
3 155 s 76 o bleed holes nor on the ribs_,. The local h_eat tran_sfe_r coefficient,
: . ) was calculated at the location of the calibrated liquid crystal color
4 12.5 10.8 14.3 0 band. This isotherm also represents a uniform heat transfer coef-
5 125 143 109 0 ficient when thg bulk temperature is constant. Bulk temperature
measurements in general showed little average increase along the
6 125 176 76 0 passage, so the data were reduced using a single average tempera-
7 125 21.0 43 0 ture at the inlet.
Two test model configurations were employed, one with ribs
8 End of firstpassage | 12.5 244 0 0 equidistant between bleged holes, and one E)Nit)r/] ribs 0.5X&@

in.) upstream of bleed holes. Each configuration was run for three
flow rates(nominal Rg,=31,000; 61,000; and 96,0p@nd four
\péﬁed casegno-bleed, uniform bleed, increasing bleed, and de-

the data acquisition system and VCR were started. Then the o Rasing blead Reynolds numbers were based on channel hy-
was opened up and the flow valve opened, initiating airflow whicH 9 y y

suddenly cooled the model with room temperature air. The resuﬁjt[ilg'rg glk?;r]\ﬁteelr‘uvg?r:(:htrllse e(rlg:ér:?htgﬁj\llxelz;rgethb(l);atg?Is\;\??agsﬂé? 5
ing liquid crystal color patterns, showing continuous surface te 4 ; 9 P !

perature, were recorded. In the present study, only data from e10 percent of the main flow could be attained. Table 1 shows
first leg of the test section were examined. The yellow color bal Qe nominal bleed flow rate per hole as percentages of total bleed
of the liquid crystal was used for calculating the heat transfer
coefficients and was calibrated to be 37.8100.1°P. Video im-

ages were reduced using a video frame grabbing board, employig~ 55

HSI color definition, and commercial software that extracts colcg

and therefore surface temperature. The software also allowg 0.20

manual digitization of the video images where high temperatui§ 0.15

gradient regions are difficult to resolve automatically. Ta %ﬂ"’

Assuming that lateral conduction is negligible compared to heg ~ o.10 £ —~—y=165cm ||
flow normal to the surface, surface heat transfer coefficients cig !//. :z:ggg §$
be calculated using the one-dimensional transient conductis %% e o= Average | |
equation: < (@
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Fig. 5 Airstream temperature measurements at various
heights in first channel with uniform bleed at Re3: (a) z=0.64
cm. (b) z=1.91 cm. (c¢) z=3.18 cm. (d) z=4.45 cm.

Fig. 4 (a) Inlet velocity profile.  (b) Inlet airstream temperatures
with uniform bleed at Re3.
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Fig. 6 Airstream temperature throughout model, averaged Pressure station number

spanwise across channel, Re3, no-bleed, midchannel height
Fig. 7 Test section static pressures; uniform bleed

flow. Air temperature measurements were taken in the first leg at
several cross-sectional stations as well as throughout the test sec-
tion at discrete locations, as shown in Fig. 3. Bulk Air Temperatures and Static Surface Pressures.

An uncertainty analysis was performed following the method dfirstream temperature measurements were taken for flow with
Kline and McClintock[15]. Based on the following uncertainties:uniform and no-bleed at various cross sections in the first passage,
T;==*0.56°C (*1°F), T,==*0.28°C (+0.5°H, T,=+0.83°C as shown in Fig. @). Raw temperature versus time data from
(+1.5°P, andt==0.3 s, the overall uncertainties imfor the inlet temperature measurements are shown in Hig) #or Re3
multiple cases ranged from 8 to 13 percent. and uniform bleed along with a running average of the four tem-
peratures. The standard deviation of these inlet temperatures was
R | d Di . 0.78°C(1.4°P); the fluctuations decrease moving down the chan-

esults and Discussion nel. To examine temperature change through the duct, the fluctua-

The flow rate conditions referred to in the discussion below d&®ns were eliminated by taking a 10 s average at 30 s after the
Rel, Re2, and Re3 were run at nominal Reynolds numbers stért of the test. This is around the midpoint of typical liquid
31,000, 61,000, and 96,000, respectively. When bleed was etnystal data. Since room temperature and the initial heated air-
ployed, the bleed flow rates were nominally 10, 5, and 5 percestteam temperature could vary for each test case, a nondimen-
of the inlet mass flow for Rel, Re2, and Re3, respectively. gional temperature ratio was used to normalize the temperature
typical inlet velocity profile(station 1 is presented in Fig.(4); measurements. The normalized air temperatures were calculated
inlet free-stream turbulence intensity was nominally 2 percent. as

—— !
Flow
(a)
Nu/Nug
. B
6.0
Flow 55
5.0
(b} by
3.5
3.0
25
2.0
- £
Flow | 0.5
(=]
—
Flow
=]

Fig. 8 Surface heat transfer Nu /Nu,, for the case of ribs between holes:  (a) Rel, no-bleed. (b) Rel, uniform-
bleed. (c) Rel, increasing bleed. (d) Rel, decreasing bleed.
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Fig. 9 Surface heat transfer, Nu /Nu,, for the case of ribs near holes:  (a) Rel, no-bleed. (b) Rel, uniform-
bleed. (c) Rel, increasing bleed. (d) Rel, decreasing bleed.

0= (Ta= Tam)/ (Ti= Tamp) Ribs Between Holes.Heat transfer distributions for ribs be-
tween bleed holes are shown in Fig. 8. With or without bleed, it
Normalized airstream temperatures at Re3 with uniform blee@n be seen that there is very low heat transfer just downstream of
are presented in Fig. 5 for four different heights from the floor ghe ribs where separation and reattachment of the flow occur.
the model. Note that the data pointsxat 58.4 cm(23 in) are  Figure §a) shows the no-bleed case, in which the total bleed flow
actually in the first turn region. As seen in the figures, the tenyas shut off, so no flow exited through the bleed holes. As seen in
perature variations in the spanwise direction are generally greafgs figure, no effect from the holes is evident.
than the overall temperature increase or decrease in the streamaying some type of bleed can greatly enhance surface heat
wise direction. Similar effects were seen for Rel and Re2, Withynsfer. The patterns produced by bleed with ribs between holes
generally more temperature variation spanwise than streamwigg, backwardz-shaped compared to the oval shapes for the no-
and spanwise variations becoming slightly greater with increasifghaq case. These patterns are also observed in Ekkad[6] al.
Reynolds number. The average cross-sectional temperaturesé%a Shen(8]. For the three cases with bleed, the effect of the
all of the cases remained fairly constant through the channel. bleed holes can readily be seen, with highénmrr{ediately down-
Spanwise air temperature averages throughout the test SeCl@llam of the hole. The boundary layer is essentially bled off, and

(stations shown in Fig.(&)) at midchannel height and at Re3 A% eat transfer resistance is thereby reduced. For the uniform bleed

shown in Fig. 6. The average temperature remains fairly ConSt.%%tse, there is much higher heat transfer near each hole as well as

from the inlet to station 3, the midpoint of the first turn. There IS y from the hole near the ribs and walls, compared to the

a noticeable increase between the turn and the inlet to the SecONdoad case. The heat transfer distributions appear to be peri-
leg. The average temperature stays constant from station ic, except in the region around hole 1 due to developing flow,

mg’ggge;he midpoint of the second tm, station 6, then agagnd around hole 8 due to the flow turning around the partition.

Static pressure measurements, shown in Fig. 7, were taken or'1:0r the metered bleed flow cases, higher Nusselt ratios are seen
the lower surface at the stations s'hown in Fi@)SS.tafic pressure near the holes with hlghelr blqed flow rates. The ramped increasing
[%ed results are shown in Fig(c. It can be seen that upstream,

changes little through the first passage and the first turn. T -
pressure then begins to decrease halfway down the second ere the bleed flow rates are less than those for the uniform
ed case, heat transfer is similar to no-bleed. Downstream,

sage and decreases further as the flow speeds up through the
9 P P 9 where bleed rates are higher than uniform bleed, heat transfer is

rower third passage. similar to the uniform-bleed case, but with slightly higher Nusselt
Heat Transfer. Heat transfer is presented as the ratio ofatios near and away from the hole. Near holes 4 and 5 where
Nusselt number, NehD/k, over the Nusselt number for fully bleed rates are similar to the uniform bleed rates, heat transfer is
developed pipe flow, Ny=0.023(R&2) (P*%). Data were not slightly better than without bleed but not as good as with uniform
generally taken on the rib surfaces since the ribs were roundeléed.
and their small size violates the one-dimensional conduction as-The ramped decreasing bleed results are shown in Fd). 8
sumption. Nusselt number ratio distributions discussed below ddpstream, where bleed rates are higher than uniform bleed rates,
for Rel. The trends for Re2 and Re3 are similar. heat transfer is higher near the hole and about the same as the
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Fig. 10 Surface heat transfer, Nu /Nu,: (a) Re2, uniform-bleed, ribs between holes.  (b) Re3, uniform-bleed,
ribs between holes. (c) Re2, uniform-bleed, ribs near holes.  (d) Re3, uniform-bleed, ribs near holes.
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uniform bleed case away from the hole. Heat transfer downstreanBy comparing the distributions near holes 4 and 5, it appears
is similar to the no-bleed case. Heat transfer near holes 4 and %hat the decreasing bleed case gives better heat transfer enhance-
slightly better than without bleed, but not as good as with uniforrment. When comparing to the ribs-between-holes configuration,
bleed. better heat transfer enhancement is seen near and away from the
It can be seen from these cases that higher bleed rates yietile due to the bleeding of the separated flow behind the rib,
higher heat transfer values near and away from the hole. By comhich decreases the heat transfer resistance at the surface.
paring the distributions near holes 4 and 5, upstream bleed condi-
tions can be seen to have a slight effect on heat transfer down the
channel. Higher or lower bleed upstream reduces the heat tran
downstream away from the hole. Uniform bleed appears to gi
better heat transfer enhancement overall.

Reynolds Number Effect.Overall, heat transfer enhance-
t tends to decrease with increasing Reynolds number. As il-
trated in Fig. 10, increasing the Reynolds number for the uni-
orm bleed case decreases the Nusselt number ratio only slightly.
This is also true for all of the other cases not shown. For the cases
Ribs Near Holes. Heat transfer distributions for ribs nearwith bleed, the heat transfer augmentation from increased mixing
bleed holes are shown in Fig. 9. FigureaPshows that the no- and boundary layer removal is less pronounced at higher Rey-
bleed case is similar to Fig(®. Figures 9b)—9(d) show that heat nolds numbers. Generally for all cases with bleed, the patterns in
transfer is greatly enhanced near the downstream edge of the ths region around hole 1 appear to be squeezed toward the center
due to the bleeding of the stagnant separated flow behind the i the channel as Reynolds number increases.

The patterns produced by bleed @eshaped, opposite that pro- Centerline Comparison. Centerline heat transfer coeffi-

duced by the ribs-between-holes configuration. . 8 .
Other than the mirrored patterns, the heat transfer trends ?nts for the region around hole 4.’ between the fourth gnd fifth
each case are similar to those for ribs between holes. For unifoffa>: '€ shown in Fig. 11 for both rib-between-hole and rib-near-
bleed, heat transfer distributions are periodic with higher Nuss I‘Ple cases. The h'g_hGSt heat transfer can be seen to occur on the
numbers near the bleed holes. Downstream of the hole, near @ Surface of the rib and downstream of the hole; it should be
' noted that the data at the peaks were taken within a few seconds

upstream edge of the rib, the effect of bleed is reduced. o . :
Heat transfer upstream for the increasing bleed case is simi rthe startup and thus have uncertainties substantially higher than

to the no-bleed case; heat transfer downstream is similar to the Nominal 10 percent uncertainty reported for the more condi-

uniform bleed case, only with slightly better enhancement awdl ned data. The lowest heat transfer occurs downstream of the rib
from the hole. Near holes 4 and 5 where bleed rates are about%ghg then gradually increases approaching the hole. Reynolds num-

same as those with uniform bleed, Nusselt values away from figr does not appear to affect the heat transfer in this region be-
hole are similar to those for uniform bleed and higher near tfi¥€en the rib and hole.
hole.

With decreasing bleed, heat transfer upstream is similar to tl .
uniform-bleed case, with higher Nusselt values near and aw nclusion
from the hole. Heat transfer downstream is better than withoutBulk air temperature measurements taken in the first passage
bleed but not as good as with uniform bleed. Near holes 4 andshowed that in general, temperature variations in the spanwise
heat transfer is similar to uniform bleed away from the hole, but direction were greater than the overall variation in the streamwise
higher near the hole. direction. The average cross-sectional temperatures remained
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Fig. 11 Centerline heat transfer, uniform-bleed: (a) ribs be-

tween holes; (b) ribs near holes

e = rib height
h = heat transfer coefficient
k = thermal conductivity
Moty = total mass flow
Nu = local Nusselt numberhD/k
Nuy = Nusselt number from correlation for a straight chan-
nel =0.023R§%P1O4
P = rib pitch
Pr = Prandtl number of air=c,u/k
Re = Reynolds number myyy/(«Dp)
6 = nondimensional surface temperature
0, = nondimensional airstream temperature
p = density of test section material
T, = air temperature in test section
Tamp = room temperature
T; = initial surface temperature
T, = bulk air recovery temperature
T, = wall surface temperature shown by liquid crystal
t = time of liquid crystal color change
p = viscosity of air
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Heat Transfer Enhancements in

Rotating Two-Pass Coolant
s.anaya | CNANNels With Profiled Ribs:
v.eiades | Part 1—Average Results

D. E. Nikitopoulos

The effects of ribs with different cross-stream profiles are investigated through detailed,
surface mass (heat) transfer distributions along four active walls of a square duct con-
taining a sharp 180 deg bend. The duct simulates two passes of an internal coolant
channel in a gas turbine engine with ribs mounted on two opposite walls. Mass (heat)
transfer measurements, taken using the naphthalene sublimation technique, are presented
for a Reynolds number of 30,000, and rotation number of 0.3. Comparisons are made
with conventional ribs having a rectangular cross section. It is shown that the use of
certain profiled ribs provides considerable heat transfer enhancements over conventional
ribs with the same blockage ratio in the duct. These enhancements are attributed to
the generation of longitudinal vorticity (or secondary flows) by the profiled ribs in the
channel. [DOI: 10.1115/1.1331539

Mechanical Engineering Department,
Louisiana State University,
Baton Rouge, LA 70803

Introduction enhancement on the opposite wall. Also, skewed tffplsare

A major focus in the development of improved gas turbin%khown to provide greater heat transfer than normal ffigsand
S

engines is the increase in the turbine inlet temperature, and { glcate that the additional secondary flows generated by the

: . : ewed trips are effective even under conditions of rotation. How-
development of |_mproved copllng strateg_les. Generally, bpth %\'Ier, these studies are based on heat transfer measurements and
terrr:_al (f':jmb) ar_ld |_nte:na_1l cqollngl ?regp“ed: Ig%lernalhcoollnlg I%rovide very limited resolutiorfonly a few points per surfage
achieved by air circulating in multipagserpentingflow channels - . o
inside the body of the blade. The heat transfer in these channel Icently a series of papers using the naphthalene sublimation

typically augmented by using turbulence promoteis turbula- : niq_ue have b(?en pfese.“ted for.rotating ribb_ed duct flows.
These include the investigations of Hibbs et[8l, Eliades et al.

tors) that are cast into the channels. The rib turbulators typical(t;_zL .
} : : ], Park et al[11,12], and Kukreja et a[13]. The mass transfer
have rectangular cross sections both in the streamwise and cr (_%asurements provide detailed surface resolution and are invalu-

ﬁ;fg?;g?gejfa??%;he majority of the reported studies have Wle in providing a more complete picture of the heat/mass trans-
Mass trangsfer distri.butions around a 180 ded bend in two- afer behavior. In the present study, we investigate heat/mass trans-
g P Fg Iin profiled ribs with rotation to examine whether the secondary

square, smooth, and ribbed channels were presented by Han e 1 . . )
L B Ws generated by the rib profiles are capable of enhancing heat
[1] who used the naphthalene sublimation technique. Three Rey- o A
%Xansfer under conditions of rotation.

nolds numbers, two rib heights, and two rib pitches were inves
gated. Chyu and W{i2] investigated the effect of rib angle of :

attack in square channels for a single Reynolds number, and t\Tvge Experiments

different pitches. Kukreja et al[3] examined the effects of The experiments are performed in a test apparatus designed for
straight andv-shaped ribs in a square channel and presented loda¢ study of mass transfésublimation of naphthalenén a rotat-
Sherwood number distributions for two Reynolds numbers arigg duct that simulates the coolant channels of a turbine blade.
three different pitches. Chen et g4] have recently presented Mass transfer measurements permit the acquisition of detailed lo-
detailed mass transfer data on all four walls of an internally ribbel distributions of the Sherwood number, which can then be con-
coolant channel. verted to Nusselt numbers using the heat—mass transfer analogy.

These studies were reported for stationary ribbed channels . . .
where the secondary flows are induced by anisotropies in the R%Apparatus. An overall schematic of the experimental setup is

nolds stresses and by centrifugal effects induced by the bend own in Fig. 1. Compressed air is used as the working fluid for
noted above, a number of studies have used inclined trips experiments in order to simulate more closely the operational

- L arameters in a turbine engine. The air is taken from large, exte-
V-shaped trips and have shown that additional secondary floff S S . '

. . : rior reservoirs in order to minimize flow disturbances caused by
are generated by these rib orientations, and that heat transfe hlé compressor. The compressed air is passed through a meter run

enhanced by the additional secondary flows. The objective of tW(ﬁere the pressure is maintained constant by a pressure regulator
present paper is to explore the generation of secondary flows YS; p yap 9 ’

ing profiled ribs. Several different profiled ribs ranging fron{ concentric bore orifice plate is used to measure the mass flow

simple trapezoidal profiles to saw-tooth profiles are investigater e in the meter run. Test section and meter run pressures are
In rotating ribbed channels, Coriolis forces play a dominant roéeasured using mechanical pressure gages that have a 17.2 kPa

. .5 ps) resolution, and are controlled independently with gate
and generate significant secondary flows that effect the surfa}/ fives located downstream of both the meter run and test section.

heat transfer. There is a large body of literature on heat transfer, R - !
rotating ribbed channels with normal or skewed tifips-8|. Co- %g?hhnilleegﬁgzden exhaust air is directed through flexible tubing

riolis forces lead to degradation of heat transfer on one wall a The aluminum alloy test section consists of a. 69.85 (A5

in.) tapered settling chamber; a frame that supports eight remov-

Contributed by the International Gas Turbine Institute and presented at the 4 . f
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, ngle wall frames; and a removable 180 deg bend. These major

many, May 8-11, 2000. Manuscript received by the International Gas Turbine InsgOmponents are secured in a flange-like manner, using O-rings
tute February 2000. Paper No. 2000-GT-227. Review Chair: D. Ballal. between all parts to prevent air leakage. When assembled, the test
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. to the mounting plate for scanning. After scanning, the plates are
- Air stored in an air-tight container, saturated with naphthalene vapor,
to hinder natural sublimation until the test section is assembled.

. Test section assembly is begun by first inserting the two inner

Air In sidewalls and then attaching the bend. Any ribs or vortex genera-
tors are then attached to these walls and the two outer sidewalls
] are mounted. The alignment of all ribs is checked before the four

top and bottom walls are assembled. After the experiment is over,
the test section is disassembled and the walls are placed in the
storage container until they are scanned again.

Fig. 1 Schematic of the rotating experimental facility

) ) ) Data Reduction. Mass flow rate in the meter run is calculated
section forms 25X%25.4<304.8 mm(1xX1x12 in) long inlet from measurements of temperature, pressure, and differential
and outlet sections, 38.1 m(®.5 in) apart that are connected bypressure using standard equations for concentric bore orifice
the 180 deg 254 25.4 mm(0.1X 1 in.) square cross-sectional meters[14,15.
bend. The first baseline rectangular-profile aluminum ribs are 2-54Naphthalene sublimation depth is calculated from the two sur-
X2.54x<25.4 mm(0.1X0.1x 1.0 in) long and have holes on ei- face profiles for each wall. Each profile is normalized with respect
ther end for mountingFig. 2). The ribs are positioned to providetg 5 reference plane computed from three points scanned on the

a baselineP/e=10.5. A second baseline rectangular profile ribgjyminum surface of the walls. The difference between the nor-
with higher blockage ratio an&/e=7 was also studied. Steel, malized profiles gives the local sublimation depth.

0.635 mm(0.025 in) diameter music wire is inserted into these Tg |ocal mass fluxn” at each location is calculated from the

holes to secure them to the sidewalls of the test section. The rfBﬁowing expression:

are mounted only on opposite walls and are not coated with

naphthalene. m’ = psS/ At €))
Detailed surface profiles of the cast surfaces are required fo . . . . .

local mass transfer results. These profiles are obtained by moviige ers IS the densﬂy of solid na_phthalené,ls the _Iocal subli-

the walls under a fixed, linear variable differential transducepation depth, and\t is the duration of the experiment. Vapor

(LVDT) type profilometer. A bi-directional traversing table is Sepres.sure at the wall,, is calculated from the following equation

curely mounted to the platform of a milling machine. The platege]'

are secured to a 15.875 m(@.625 in) thick tooling aluminum logio pu) =A—BI/T,, 2)

plate which is fixed to the traversing table. This mounting plate .

has been machined with an assortment of pin supports and 4eréA andB are constant¢11.884 and 6713, respectivelgnd

chine screw taps to ensure the walls not only lie flat on the platby IS the absolute wall temperature. Wall vapor denpigys then

but also are mounted in the same location for all scans. A custgiculated using the perfect gas law. Bulk vapor density of naph-

written program running on a personal computer is used to cont%ﬁlenepb(x) is obtained by mass conservation balances of naph-

the motion of the traversing table through microstep drive motofdlene from the inlet=0) to the streamwise locatio).
with a 0.00127 mn{0.00005 in) step size. The local mass transfer convection coefficibptis then calcu-

lated as follows:
Procedure. Fresh, 99 percent pure naphthalene crystals are -,
melted in a heavy-walled glass beaker with an electric heating m=M"1(pw= pp(X)) 3)

element. The clean test section walls are clamped to stainless siggl binary diffusion coefficier,,_, for naphthalene sublimation
plates that have been polished to a mirror-like finish. Moltef, yir js taken as the ratio of the kinematic viscosity of aio the
naphthalene is quickly poured into the hollow cavity of the plat§-nmidt number for naphthalene—&8c=25). The local Sher-
frame to fill completely the region between the walls. The cag§fyod number is then calculated by:

plates stand for at least eight hours in a fume hood to attain ther-
mal equilibrium with the laboratory. Sh=h,,D/D,_4=h,,DSclv 4)
Each wall is then separated from the casting plate and mounted
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whereD is the hydraulic diameter of the test section. SherwooBxperimental Results
number results presented in this study have been scaled with th

; . The results presented here consist of the area-averaged Sher-
McAdams correlation for fully developed smooth wall pipe flow.Woool numbers for each of the four active watisp, bottom, outer
®)

side, and inner sidein the inlet and outlet square ducts of a
two-pass module with a 180 deg bend. Spanwise-averaged distri-
where Re is the duct Reynolds number. butions are also presented. In this paper, the spanwise direction
Comparison of heat and mass transfer results can be ddREers to the lateral dimension corresponding to the channel width.
through the use of the heat—mass transfer analbgy Experiments have been carried out for ribbed walls at Reynolds
numbers of 30,000, and for rotation number of 0.3. The rib angle
(6) of attack for all cases considered was 90 deg. Two baséiéwg-
angular profile rib-pitch to height P/e) values were considered:
where Nu is the Nusselt number and Pr is the Prandtl number®fe=10.5 and 7. For the profiled ribs, th¥e ratio based on the
air. In this paper, however, we have simply presented the scal@éhimum height is 10.5, while that based on the average height is
Sherwood number ratio Sh/§lwhich should be interpreted as the7. Note that the average height of the profiled ribs are selected so
scaled Nusselt number ratio Nu/jwhere Ny is the correlated that it has the same blockage ratmoss-sectional area occupied
fully developed Nusselt number, analogous tg.Sh by the ribs/total cross-sectional area of the chanaglthe rectan-
gular profile rib.

Uncertainty. Uncertainties for all computed values are esti~ 1y \yve different rib configurations were examined in this study
mated using the second-power equation metfid. The esti- onq are shown in Fig. 3. These configurations were formed by

mates for these experiments are comparable to previously reportgghhining four generic profiles: trapezoidal profiles, pyramid pro-

values for both heat transfer and mass transfer studies, but ggg; \ajiey profiles, and saw-tooth profiles. The results from these
believed to be conservative.

Volume flow rate and duct Reynolds numk&e) uncertainties
are estimated to be less than 10 percent for-B@00. The re-
ported resolution of the LVDT is 0.00127 m¢®.00005 in) while 4 o
the analog-to-digitalA/D) board is reported to have an accuracy
of. 0.002 mm(0.000078 in\. in a 12 kHz acquisition rate, 16-bit
resolution mode. Experimental tests of accuracy and repeatability
for the entire acquisition system indicate a sublimation depth un-
certainty of 0.0038 mm(0.00015 in). Sublimation depths are
maintained at about 0.152 m(@.006 in) by varying the duration
of the experiment. This target depth was selected to minimize
uncertainties in both depth measurement and changes in duct
cross section area. These uncertainties were found to be 1 and 3

Shy=0.023 R&8sd

Nu= Sh Pr/Sg°*

Han et al. (1988), e/D = 0.094

percent, respectively. The resulting experimental duration was —=— Present study (bottom wall) -
around 90 minutes for Re30,000. 0 Present study (top wall) Rib
Vapor density uncertainty based on measured quantities is neg-
ligible for both wall and bulk values. Overall uncertainty in Sher- 3.0
wood number calculation is about 8 percent and varies slightly
with Reynolds number< 1 percent 2. 'HM;
(o)
5’" 2.0 - Iy
é::’ 1.5 —
Leading Leading Leading Leading ‘o o Han et al. (1988) (outer wall)
‘o ,* ’ Han et al. (1988) (inner wall)
“ [P Lo 5 o .
2 i S = S g 8 0.5 - —e— Present study (outer wall)
A 8 A 8 - ° o~ 3 00 —=— Present study (inner wall) Rib
. o L - : T T T T T T 1
Trailing Trailing Trailing Trailing 0 1 2 3 4 5 6 7 8 9 10
O (2) 3 G (a) xe
Leading Leading Leading Leading 5
. M —— Leading
é‘ E 72* § § § g é =°4 _1 —a— Trailing '
] = 5 = 5 = 5 Z ,[ Non-rotating
— O M O o = (=) 3 i
2 |
s ] 340
Trailing Trailing Trailing Trailing " \‘
o
L (5; L (6d) (7) Lea(dgi)n o 2 mm
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Fig. 3 Schematic of various rib profiles examined. Profiles in-
clude trapezoidal shapes (profile configurations 1, 2, 3, 4 ),
pyramid-valley shapes (profile configurations 5, 6, 7, 8 ) and
saw-tooth shape (profile configurations 9, 10, 11, 12 ).

Journal of Turbomachinery

Fig. 4 Comparison of present measurements with published
data: (a) stationary, comparisons with Han et al. [1]; (b) rotat-
ing, smooth inlet channel, Re =5000, Ro=0.2. Triangular sym-
bols are data from Han et al. [20].
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Fig. 5 Fully developed cell averages of the leading and trailing surfaces of the inlet duct at Re =30,000 and Ro =0.3. Darkest
shade represents profiled ribs, intermediate shade represents rectangular ribs with Ple=7.0, and lightest shade represents
rectangular ribs with  P/e=10.5.

studies are also compared with those of an earlier study by Eliadesler stationary conditions. The agreement between the present
et al.[10] where the effect of cylindrical vortex-generators placecheasurements and all of these other studies was in general very
above the ribs was examined for two different spacing to rigood. The comparisons with Han et fl] for a single inter-rib
height values ¢/e=0.55 ands/e=1.55. pitch and Re=30,000 are shown in Fig.(d) in terms of the
It should be noted that buoyancy effects are known to be negpanwise-averaged Sherwood number scaled QytBé value of
ligible in naphthalene sublimation experiments. Estimates of tllee Sherwood number corresponding to fully developed pipe flow.
Grashof number based adtp/p were found to be extremely small As can be seen, the agreement is very good.
in the present experiments. Comparisons are also made with the data of Han et al.
[20] under rotating conditiond~ig. 4(b)). Again the overall agree-
Comparisons With Previous Experiments. The present ment with the published data under rotating conditions is quite

measurements were compared with three past mass-transfer baggdi, confirming the accuracy and reliability of the reported
studieq 1-3] as well as two previous heat-transfer studie®,19 measurements.
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Fig. 6 Fully developed cell averages of the inner and outer wall of the inlet duct at Re =30,000 and Ro =0.3. For legends, see
Fig. 5.
Results for Profiled Ribbed Channels mocouple based heat transfer studies reported for rotating chan-

nels where typically one measurement point is located over a cor-
Cell-Averaged Sherwood NumbersCell averages in the peri- responding area. In Figs. 5-8, each of the twelve configurations
odically developed cells are presented for the inlet duct in Fig.tBsted is indicated by a small picture showing the rib profile, and
(for the ribbed leading and trailing surfagesd in Fig. 6(for the are referred to as profile configurations 1-12 in the text. These
smooth outer and inner sidewall<orresponding values for the profile configuration numbers are indicated against the profiles
outlet duct are presented in Figs. 7 and 8. These cell averagessketched in Fig. 3. Also shown in Figs. 5—8 are results from the
computed using all measured points in the spanw&8epointg rib-rod configuration of Eliades et a[10], where a cylindrical
and streamwise direction®8 points in the periodically devel- vortex generator or rod is placed at a distascever a rib of
oped cell. Thus, in computing these averages, a fairly fine grid béighte. Results shown are for twe/e values of 0.55 and 1.55.
measurement locations was used with 840 points over a 1-Bhown against the results from the profiled rildarkest shade
square area. This resolution should be contrasted with thand the rib-rod configurations are the results for the rectangular-
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prove spanwise mixing. In examining the stabilized leading ribbed

angular white shade The P/e=7 represents the case where thaurface(where rotation leads to a reduction of heat transfamo-
rectangular-profile rib has the same blockage ratio as the profililés 1 (trapezoidal and 9(saw-tooth with 2 pyramids and a val-
rib or the rib-rod pair, whileP/e=10.5 corresponds to the caseey) show the highest Sherwood numbers with 20—25 percent en-
where the height of the rectangular rib is equal to the smalldsancements over thé/e=7 rectangular rib casg-ig. 5a)). The

vertical height along the profiled rib.

102 / Vol. 123, JANUARY 2001

enhancements over tHe/e=10.5 rectangular-profile rib is con-

In the inlet duct, Figs. 5 and 6 indicate that the heat transfeiderably greater with enhancement levels exceeding 100 percent
enhancement induced by the profiled ribs is not uniform along afl certain cases. Along the destabilized trailing surfasbere
four walls, and that for a specific profile some walls show erretation leads to an increase in heat transfemfiles 9(saw-tooth
hancement while other walls do not show any enhancement. Thigh 2 pyramids and a vallgyand 10(saw-tooth with 1 pyramid
is due to the interaction of the rib-profile-induced secondary floved 2 valleys show the highest enhancements that are respec-
and the Coriolis forces, which generate complex secondary flowwgely 22 and 36 percent over tie=7 baseline cas@-ig. 5b)).
that influence each surface differently. In general, however, tiNote that no enhancement along the trailing surface is noted for
smooth sidewalls show enhancement for the majority of the rthe trapezoidal profile 1, for which approximately a 25 percent
profiles, indicating that the profile-induced secondary flows imenhancement was noted along the leading surface. Such an en-
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Fig. 8 Fully developed cell averages of the inner and outer wall of the outlet duct at Re =30,000 and Ro =0.3. For legends, see

Fig. 5.

hancement along the stabilized surface only partially mitigates tapproximately 25 percent along the leading surfgrefile 1), 36
effect of Coriolis-induced secondary flows, and leads to hepércent along the trailing surfa¢profile 10, and over 35 percent
transfer values along the leading and trailing surfaces that aeng the sidewallgprofile 9.

closer to each other than the rectangular rib case. Profile 9 shows&igures 5 and 6 indicate that the rod-rib combination actually
enhancements along both the leading and trailing surfaces withdagrades heat transfer compared to Be=7 baseline case.
average enhancement of over 20 percent along both surfaces. Modest enhancements can be seen compared td’tbe10.5

this profile, enhancements are observed along both side(fadls case where the baseline rib height is equal to the height of the rib
6) with the outer wall experiencing an enhancement of greatalone in the ribrod case. The/e=7 baseline case represents a
than 35 percent. Profile 10, which exhibited a strong enhanceméritker rib with a height equal to the combined rib-rod thickness.
on the trailing wall, also exhibits good enhancement along th&ontrary to this behavior, the profiled ribs exhibit heat transfer
sidewalls ranging from about 20 percgputer wal) to over 30 rates even greater than tiRée=7 baseline, and appear to show
percent(inner wal). As noted earlier, Fig. 6 shows that the mapotential in enhancing heat transfer along the inlet duct.

jority of the profiles show enhancements along the sidewalls. TheThe surface heat/mass transfer along all four walls of the outlet
peak enhancement levels over k=7 rectangular rib case are duct are shown in Figs. 7 and 8. Focusing attention on profiles 9
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Fig. 9 Spanwise-averages in the high-resolution cells for rect-

angular ribs and profiled ribs: Configuration 7 (top wall—valley, ~ 9. 10 Spanwise-averages in the high-resolution cells for

bottom wall—pyramid ) Re=30,000, Ro=0.3, and P/e=7.0 rectangula!’ ribs and p_rofiled ribs: Configuration 9 (saw-tooth
Py ) / shaped with 2-pyramids-1-valley ), Re=30,000, Ro=0.3, and
Ple=7.0

and 10, which exhibited strong enhancements in the inlet duct, it
can be observed that they also do well along the outlet dug, the vicinity of the rib induced by the increase in turbulence
although the enhancements are lower than those in the inlet dégisociated with the separated shear layer past the rib. The en-
The highest enhancement is noted along the stabilized trailingnced turbulence induced by the ribs reported by Acharya et al.
surface where profile 10 exhibits nearly a 20 percent increase[f,23 correlates well with the increased heat transfer along the
surface heat/mass transfer. The corresponding increase on thesfifewalls. Further, due to rotational effects, the trailing surface
stabilized leading surface is smaller, and as a consequence, Hb&t transfer exceeds that of the leading surface along the inlet
heat transfer along the leading and trailing surfaces are obserde@t and the leading surface heat transfer exceeds that of the trail-
to be closer to each other relative to the baseline rectangular gy surface along the outlet duct.
case. While profiles 9 and 10 show the highest heat transfer on therhe inner and outer wall heat transfer rates are generally com-
trailing surface, profiles 7 and 12 exhibit the highest heat transfgarable, with the outer wall exceeding the inner wall as the bend
along the leading surface, and profile 7 appears to exhibit thigapproached in the inlet duct. In the first module past the bend,
highest combined heat/mass transfer along the outer and ingief dominant effect appears to be due to Coriolis forces, and bend-
sidewalls. The maximum enhancements on each wall are apprdKduced secondary flows do not appear to play a significant role.
mately 20 percent on the trailing surfagerofile 10, 45 percent  |n examining the heat transfer distributions with the profiled rib
on the leading surfacgorofile 12, 36 percent on outer walpro-  (profile 7, with a pyramid rib and a valley ipthe general trends
file 7), and 40 percent on inner wajprofile 4). are seen to be similar to the baseline case, except that the heat
Compared to thé/e=10.5 baseline, significant enhancementgansfer rates are higher. Along the inlet duct, enhancement is
in excess of 100 percent can be observed with the profiled ribs. Asually noted along all four walls, with comparable enhancements
an example, profiles 9 and 10 show heat trailing surface hegbng the trailing and side surfacésf the order of 20-25 per-
transfer that are nearly 2.5 to 3 times greater thanRhee=10.5 cenp, and smaller enhancements along the leading surface. Along
baseline value. the outlet duct, the enhancements on the leading and trailing sur-

The rib-rod configuration shows modest enhancements with fiaces are either small or degradation is observed. However, the
spect to theP/e=10.5 baseline along the sidewalls and the trail-

ing wall, but shows degradation when compared with Rihie=7
baseline. These observations are consistent with those in the inlet
duct. I Trating (rgioa i) N oo e (b oy
An overall assessment of the various profile shapes indicate tl 8 7 1

profiles 7, 9, and 10 provide the best performance. Attention os -
turned next to the spanwise-averaged Sherwood number distri§ , |
tion for these profiled ribs. Detailed distributions for profiled ribs

7 and 10 for both stationary and rotating conditions are given in 27
companion pap€er21]. ) = . T . = r

. . tnlet Duct (Fully-Developed Cell)  Qutlet Duct (Developing Cel) Outliet Duct (Fully-Developed Cell)
Spanwise-Averaged Sherwood NumbefBhe spanwise-

Lasding -

averaged Sherwood numbers are presented for profiles 7, 9, B RibPositon | | T Over (00 .
10 in Figs. 9, 10, and 11. The distributions are presented for tv "~ ] 5 ’ : H
inter-rib modules in the inlet duct, the inter-rib module following g Troilueg
the bend and two inter-rib modules in the outlet duct. The ribbe &, | | J

leading and trailing surface distributions are presented in the t

row while the sidewalls are presented along the bottom row. TI [ peer e

baselineP/e=7 casgopen symbolsshow the peak in the vicinity —2-— r AR T -

of the reattachment point and just upstream of the rib along the
leading and trailing surfaces. The relative magnitudes of thegg 11 Spanwise-averages in the high-resolution cells for

peaks indicate that the peak just upstream of the rib is generai¢tangular ribs and profiled ribs: Configuration 10 (saw-tooth
greater than the peak associated with the reattachment. Along éRgped with 1-pyramid-2-valley ), Re=30,000, Ro=0.3, and P/e

smooth surfaces, the Sherwood number distribution shows a peako
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sidewalls of the outlet duct show quite significant enhancementsNu, = Nusselt number for fully developed flow
over the baseline rectangular rib case. The consistent enhance- P = rib pitch, m
ments along the sidewalls in the inlet and outlet duct clearly point Pr = Prandtl number
to enhanced spanwise mixing with the profiled ribs. Pw = naphthalene vapor pressure at the wall, Ri/m
The saw-tooth profiles 9 and 10 had earlier been shown to Re — test section Reynolds numbeY,,D/v
exhibit good behavior, particularly in the inlet duct. These trends R — rotation numbetQD/V. v
are confirmed by the spanwise-averaged profiles in Figs. 10 and g, = Sherwood number a
11. For both profiles 9 and 10, the enhancement levels in the inletsrb = Sherwood number for fully developed pipe flow
duct are considerably higher than that for profile 7. For example, Sc = Schmidt number
profile 10 shows local enhancement levels of the order of 40—-60 — absolute wall temperature, K
percent along the sidewalls and trailing surface of the inlet duct,, " _ t ; ! t of velocity in th
(Fig. 11). However, the enhancement levels along the leading sur- "2 — average streamwise component of velocity in the
face of the inlet duct and along the outlet duct are not as signifi- coolant channel .
cant. These differences in the inlet duct, where consistent ef-¥> % = crosg-stream _coordlnates, m
hancements are noted, and the outlet duct, where the Ps = density of solid naphthalene, kg/m
enhancements are more muted and even degradation is observedit = duration of experiment, s
indicate that in the inlet duct, the profile-induced secondary flows ¢ = local sublimation depth, m
interact with the Coriolis induced flows in such a manner that the pw = naphthalene vapor density at the wall, kg/m
overall mixing and heat transfer are enhanced. Along the outlet » = kinematic viscosity of air, s
duct, the Coriolis-induced secondary flows are directed opposiig,(x) = pulk vapor density of naphthalene, kg/m
to that in the inlet duct, and their interaction with the profile- Q = rotational speed, rad/s
induced flows does not produce the enhancements observed in the '
inlet duct. Although not considered in this study, a different
profile-rib pair in the outlet duct may be necessary to obtain heat
transfer enhancements comparable to those in the inlet duct.
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Heat Transfer Enhancements in

Rotating Two-Pass Coolant

Channels With Profiled Ribs: Part
D. E. Nikitopoules § 2—[)etailed Measurements

V. Eliades
Detailed heat/mass transfer distributions are presented inside a two-pass rotating ribbed
S. Acharva coolant channel for two profiled-rib configurations. Several profiled-rib configurations
have been studied (Acharya et al., 2000), and it was found that the best performance was
Mechanical Engineering Department, achieved by saw-tooth ribs, and a pyramidilley rib combination. The profiled ribs were
Louisiana State University, placed directly opposite to each other on the leading and trailing surfaces. Smooth side
Baton Rouge, LA 70803 walls were used in all the experiments. Heat transfer measurements were compared with
straight ribs of equal blockage ratio. The measurements were made in a two-pass rotating
facility using the naphthalene sublimation mass transfer technique, which provides highly
resolved surface distributions. The results presented are for a Reynolds number of 30,000,
two rotation numbers (0 and 0.3), and include average heat/mass transfer over the entire
inter-rib module as well as detailed heat/mass transfer contours for two profiled-rib
cases. Significant enhancement of up to 25 percent in heat/mass transfer was obtained
with the pyramig-valley and saw-tooth shaped ribs under rotating conditions.
[DOI: 10.1115/1.1331538

Introduction were reported compared to rectangular channels. Han and Zhang

Numerous studies have been performed over the vears focusg)%smwed that 60 deg parallel ribs oriented from the inner to the
P y er walls gave heat transfer rates higher by as much as 30 per-

upon the |n_ternal cooling of gas trbine blades with emphasis Mnt compared to 60 deg parallel ribs oriented from the outer to
the use of rib turt_)ulators ar_1d different fofms of vortex generatorge jnner walls or 90 deg ribs. In-line ribs give better results than
Various geomeFrles, expe.rlmenFaI techniques, and test conditiqps gered ones. This may be due to higher effective blockage,
have been st_ud|ed. Many investigators have used heat a_nd/or rding to Hong and Hsidlr]. Normal, V-shaped, and angled
tr_ansfer, liquid crystal, or laser interferometry measuring techiys were tested by Kukreja et 48], who noted significant span-
niques. Also many have incorporated rectangular or square dugise variation on the local mass transfer for the angled ribs. Sec-
Test conditions have been varied from Reynolds numbers of 50dgdary flows were introduced, causing significant changes on the
80,000, mostly under stationary conditions. Very few investigamooth side walls, especially for the 45 deg angled ribs. Zhang
tors have reported results with rotation. The range of rotatiqs al. [9] reported a 36 percent increase in the heat transfer of
numbers covered by previous studies has been from 0.01 to Qyfeoved walls(60 deg groove in the wall between two regular
Since the objective of this paper is to examine in some detajbs) compared to the normal rib cases.
novel turbulator design performance under rotating conditions, weThe coolant passages of many gas turbine blades are connected
will focus our review of previous work on these areas. together with 180 deg bends. Several researchers tested different

A widely studied and used geometry of turbulators is that of @pes of bends to investigate their effect on the heat/mass transfer
rib. A schematic of the typical flow structure in the area aroungsults. Boyle[10] tested three different types of 180 deg bends
such a rib turbulator is shown in Fig. 1. Upstream of the rib &ectangular, semi-circular, and rounded-corpexsd found no
small but vigorous corner eddy recirculation exists that caussignificant differences in heat transfer. Han et[all] have re-
higher heat transfer numbers as documented by Sparrow and Pacted significant increases in mass transfer immediately after the
[1] and Chen et al[2,3]. Immediately after the rib a large recir- bend for both smooth wall and ribbed wall channels.
culation region forms due to flow separation leading to lower Under rotating conditions, the flow field becomes more com-
values of heat transfer rates. The flow reattaches and heat trangfek. There are considerable differences between the high and
peaks farther downstream at the stagnation region. The reattalev-pressure walls. This effect is due to the Coriolis fofsee
ment distance is affected by the Reynolds number, rotation nufrig. 2). For radially outward flow, the secondary flows induced
ber, rib height, distance between ribs, duct hydraulic diametépove fluid from the leading wall toward the trailing one resulting
and upstream turbulence intensity. Also flow separation is pdg-higher velocities and heat/mass transfer numbers on the trailing
sible at the top of the rib. For a two-dimensional rib, the reattacMall. The opposite phenomenon occurs for the radially inward
ment length typically ranges from six to ten rib heights downﬂOW. Similar Coriolis-induced secondary flows develop in a bend,
stream of the rib.

Several investigators have performed experiments with differ-
ent types of turbulators. Han and Pde| and Park et al[5] ///’_\
reported a 300 percent increase in heat transfer for 60 and 45 deg )/c’—\

angled ribs in a square channel. However, higher pressure drops @D

Contributed by the International Gas Turbine Institute and presented at the 45th
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger- . . X
many, May 8—11, 2000. Manuscript received by the International Gas Turbine Indiiig. 1 Schematic of flow features around a two-dimensional
tute February 2000. Paper No. 2000-GT-226. Review Chair: D. Ballal. rib
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width of the duct, the better the heat transfer due to flow accel-
eration, but with the drawback of higher pressure drops in the
duct.
l One of the motivations leading to the use of vortex generators
in combination with rib turbulators has been the desire to intro-
duce secondary flow structures that can interact with those in a
ribbed rotating duct to enhance transport. Along this line of
@ thought, the present study investigates the use of profiled ribs as
v E'BV possible heat transfer enhancement inducing geometries. We have
Trailing focused on the rotating cases where the rib profile can induce
2z I
Fig. 2 Secondary flow induced by Coriolis forces in rotating
channels

2\7x9 (Coriolis Force)
Leading

%%

three-dimensional secondary flows that may interact with those
that develop due to rotation. Also, the use of profiled ribs can
provide the means to control the mass/heat transfer distribution
passively within the inter-rib modules. Several configurations
have been examined and discussed in terms of overall perfor-
mance in Acharya et a[20]. Here we will discuss in more detall
two of the most promising cases, following an overall mass trans-
causing higher velocities and heat/mass transfer rates on the det- enhancement assessment in comparison with two relevant
side wall of the bend. In addition to the Coriolis forces, weakearases of traditional straight ribs and two cases of ribs with cylin-
secondary flows are induced by the geometry of the cross sectidrical vortex generators as in the case of Chen €i2a8].

These geometry-induced secondary floikgy. 3) are overpow-

ered by the Coriolis secondary flow patterns and do not affect, in .

most cases, the heat/mass transfer results under rotating cofafPerimental Setup and Methods

tions. For stationary cases these secondary flows induced by th@/ass transfer measurements instead of heat transfer measure-
cross section can be important. Wagner e{ B2] in their inves- ments have been performed. One of the reasons for choosing this
tigations reported that as the rotation number increases, the reaghnique, instead of direct heat transfer measurements, is the
tachment length decreases on the high-pressure side, resultinghiflity to collect the experimental data under rotating conditions
higher heat transfer. The opposite occurs on the low-pressure sigghout the use of any specialized equipment like slip rings. In
This is typical of the Coriolis-induced secondary flows. The cemddition, no heat losses, which have to be calculated precisely, are
trifugal buoyancy effect is another factor to be considered. Wagcurred with this technique. Furthermore, high resolutions, on the
ner et al.[12] suggested that buoyancy may contribute to differorder of 840 points per ifin this study, are easily achieved. This
ences between inward and outward flow. Buoyancy seems{@uid be almost impossible with direct heat transfer measure-
affect strongly the high-pressure side of outward flow only. Ifhents using thermocouples. The naphthalene sublimation tech-
general, they found that heat transfer ratios are about the same{f@f,e is well established and is outlined in Acharya ef20]
smooth walls and normal trips for high rotation numbers. ‘together with a description of the rotating experimental facility
Parsons et a[.13] used normal and angled ribs in their experiand an uncertainty analysis for the measurements of this study.
ments. They mentioned the Coriolis effect with the resultingetails on the application of the naphthalene sublimation tech-
cross-stream flow and showed that 60 deg angled ribs give gfgue, reduction of raw data and the relevant uncertainty analysis
percent better results than the normal ones. Skewed strips h@¥@ pe found in Chen et d12,3], Hibbs et al.[17], and Eliades
been found to provide up to five times higher heat transfer thap1] among others. The straight ribs are made of aluminum and
smooth walls, mainly due to the secondary flows induced, aRge machined in two sizes, 2.82.54x25.4 mm (0.x0.1x 1
also appear to have very little affect upon buoyancy. These Wefg) jong, and 2.54 3.81x25.4 mm (0.1 0.15x 1 in.). The ribs
the major findings of Johnson et §l4]. The effect of rib-height- have 0.025 in. holes drilled at the two ends where straight piano
to-channel hydraulic diameter, under rotating conditions, in stagjre, supported by corresponding holes on the side plate frame, is
gered ribbed ducts was investigated by Taslim e{25]. The jnserted to affix the ribs on the naphthalene surface, as shown in
lower ratio(0.133 was found to give a 45 percent increase undgfig. 4.
rotating conditions while the higher rati®.333 gave only a 6 The profiled ribs are also made out of aluminum, and their
percent decrease. width, length, and holes at the two ends are the same as for the
Several types of vortex generators have been used to augmgpiight ribs. The five different rib designs that have been used in
the performance of rib turbulators. Studies by Myrum e{#6]  tnjs study are: trapezoidal shaped, valley shaped, pyramid shaped,
and Hibbs et al[17] have shown that cylindrical rods placedsgy-tooth shaped(2-pyramids-1-valleyand saw-tooth shaped I

above or just downstream of traditional ribs can result in loc@d-pyramid-2-valleys A schematic of the last four designs is
heat transfer enhancements, particularly on the side walls, at low

Reynolds numbers and smaller pitches. Similar conclusions were
reached by Chen et dI2] who also used vertical vortex genera-
tors (delta wings and cylinders placed above the iaed Ga-
rimella and Eibeck18] using half delta wings. Hung and L{19]
incorporated ribs with turbulence promoters and reported that the
taller the rib and/or the turbulence promoter or the smaller the

TOP & BOTTOM PLATES

OUTER PLATE

e

N s NSNS
N

-
| Oy

i

NAPHTHALINE
24

RIB

Fig. 3 Secondary flows induced by duct geometry

108 / Vol. 123, JANUARY 2001

INNER PLATE

Fig. 4 Schematic of the test section

Transactions of the ASME

Downloaded 01 Jun 2010 to 128.113.26.88. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



- 02 02 pitch of P/e=10.5; and the last corresponds to the novel geom-

01 — 1 {10’_‘,_‘—-/ — { | et_ries we_have studied. The/e=7 case employed str'aight_ ribs
¥ | ——— Wlth a helgh_t equal to the average height of the proflled rl_bs ex-
e W0 ' '...;__1.0_._—_T amined, while theP/e=10.5 pitch case employed ribs with a
. height equal to the minimum height of the profiled ribs. This was
Valley Shaped Pyramid Shaped 02 done to provide some perspective of pitch to the comparisons,
0 £°-2 -0 ’ ’ since the spanwise height of the profiled ribs varies. Four geom-
Do~ T~ etries are identified as optimal for both the inlet and outlet ducts.
T T A 10 ____I I These include two cases with pyramid-shaped ribs where the lead-
ing and trailing walls had ribs of complimentary shapes, and two
Saw-Tooth Shaped I Saw-Tooth Shaped II cases of saw-tooth shaped ribs with identical geometries on the
(2-Valleys/1-Pyramid) (1-Valley/2-Pyramids) leading and trailing walls. Of these four cases we will discuss in
more detail only two: the case where the rib on the leading wall
Fig. 5 Profiled ribs has a valley and the trailing wall a pyrami€ase } and that

where both the leading and trailing wall ribs have two valleys on
either side of a single, central pyrami@ase I). The first case
shown in Fig. 5, while the various placement configurations insig&hibits a 25 percent mass transfer overall improvement for both
the channel are described in detail in Fig. 3 of Acharya €28l  the inlet and outlet ducts when compared to Ele=7 reference
. . case. The second configuration exhibits a 23 percent mass transfer
Results and Discussion improvement in the inlet duct and 9 percent improvement in the
The relative heat transfer performance of various profiled rigutlet when compared to tté/e=7 case. The fairest comparison
configurations examined as well as two-cylindrical vortex generts that with the lower pitch case because the flow blockage of the
tor geometries are shown in the bar charts of Fig. 6 for R#&s is the same between the straight and profiled cases. The mass
=30,000 and Re:0.3. The height of the bars is indicative of thetransfer results shown in Fig. 6 do not take into account mass
average scaled Sherwood number corresponding to a fully devisansfer(heat/transferfrom the ribs themselves since in all cases
oped inter-rib module from the inlet du¢Fig. 6(a)) and outlet they were inactive. In a practical setting the ribs will be active but
duct (Fig. 6(b)). Three sets of bars are shown for each case; otlee difference in surface area between the straight and profiled
corresponds to a ribbed channel with traditional straight ribs atris under discussion is not significafthe pyramid case has 0.5
pitch of P/e=7; another corresponds to the same geometry withpercent more area and the saw-tooth case has 2 percent more area
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Fig. 6 Fully developed cell averages of the inlet duct (a) and the outlet duct (b) at Re=30,000 and Ro=0.3
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Table 1 Fully developed cell

average comparisons of

ShProfiled—Rib /ShRib—OnIy at Ro=0.3 for Case |

cussed as a reference and to accentuate the effects of the second-
ary flows due to rotation. All cases discussed are based on mea-
surements with a resolution of 840 points per square inch.

Wall # Re=30,000. P/e=7.0 | Re=30.000. Ple=10.3 The first case to be discussed in detail is the one that employs a
___________________ i iscu i il y
11'1: 81,; :(1)5 igg igg ;gg valley-shaped rib on the leading walls of both inlet and outlet
"""" e A ducts and a pyramid shaped rib on the trailing walls. Figure 7
10------ 00 1.34------ 141 191---o- 2.30 shows detailed mass transfer distributions for this geometry under

L 0Ol 1.41------ 1.29 1.63------ 1.57 stationary condition§Ro=0) and Re=30,000. Results are shown

in two “fully developed” inter-rib modules from the inlet duct,
the first inter-rib module of the outlet duct after the 180 deg bend,
and two fully developed inter-rib modules form the outlet duct.
This is done for all four sides of the du@eading, inner, trailing,

Table 2 Fully developed cell average comparisons of
Shpiofiied-rib /SNrib-ony at Ro=0.3 for Case Il

Wall # Re=30,000, P/e=7.0 | Re=30,000, P/e=10.5 and oute)y. These terms refer to the case with rotation but have
IL-----OL 1.00------ 1.13 1.44------ 1.14 been adopted for the nonrotating case as well. It should be noted
IT-----OT 1.35------1.17 1.61m-- 3.03 that flow in the inlet duct is radially outward, while in the outlet
10-—-00 1.2] - 1.08 172 1.76 duct it is radially inward relative of the axis of rotation of the
TH— ol 134 0.98 156 1.19 facility. It is seen from Fig. 7 that the normalized Sherwood num-

ber distributions on the leading wall of both the inlet and outlet
ducts bear the spanwise asymmetric signature of the valley shaped
rib. The high mass transfer observed in the central region of the
although in favor of the profiled ribs. It should be noted that maggodule corresponds to reattachment of the flow through the valley
transfer enhancements with profiled ribs relative to Ble=7 of the profiled rib and is located roughly five valley-rib heights
pitch straight ribs were observed only in the rotating cases, whillownstream. Since the two ends of the valley-shaped rib near the
the nonrotating cases showed no significant differences. An aveidewalls are progressively taller, it is reasonable to expect re-
age quantitative overview of the performance of the optimal préttachment farther downstream relative to the central region. In-
filed rib cases in this study relative to two straight rib cases afeed the trend of the Sherwood number distribution indicates ex-
given in Tables 1 and 2. actly that. On either side of the central region, mass transfer rates
The ratio of the profiled rib Sherwood number to a corresponé+e lower and higher values are observed farther downstream very
ing straight rib Sherwood number is shown in these tables. Givelose to the next rib with maxima near the two corners. In fact
the encouraging overall and wall-by-wall mass transfer results tfere is evidence that the downstream rib interferes with the reat-
the two geometries mentioned previously under rotating condachment of the flow from the upstream rib in this region. This is
tions, we will proceed to examine in more detail the local featurexpected since the downstream is five times the maximum pro-
of the mass transfer on the leading, trailing, and side walls of bdfifed rib height. The area immediately behind each rib is charac-
the inlet and outlet ducts. The nonrotating case will also be diterized by the low mass transfer rates attributed to the re-

After Bend module

Outlet Duct "fully developed"

Inlet Duct "fully developed”

Fig. 7 Detaield Sherwood number ratio distributions Sh
duct with pyramid and valley shaped vortex generators at Re
pyramid )
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Outer Inlet Duct "fully developed” After Bend module Outlet Duct "fully developed”

Fig. 8 Detailed Sherwood number ratio distributions Sh ISh, in selected developing and fully developed regions in a square
duct with pyramid and valley shaped turbulators at Re =30,000, Ro=0.3, P/e=7.0 (leading wall: valley, trailing wall: pyramid )

circulation region described in Fig. 1. This region is narrowernighest near the wall. The pattern of the side walls is strongly
behind the bottom of the valley of the rib and becomes wider a®nuniform in the spanwise direction. The flow accelerates over
the rib profile becomes higher. The mass transfer rate decreatesribs and, as shown by Acharya et [#@2], high streamwise
downstream of the reattachment point in the central region as tiuebulence intensities are generated directly above them. These
reattached boundary layer grows. Steep variation of the masffects lead to a high mass transfer field surrounding the rib. This
transfer is observed immediately upstream of each rib and is &sinitiated 1.0 to 1.5 local rib-heights upstream of the rib, where
sociated with the upstream recirculation region as schematicalhe flow accelerates and the turbulence intensity begins to in-
portrayed in Fig. 1. crease, reaches a peak directly above or just upstream of the ribs,
The fully developed trailing wall details on Fig. 7 show that thend then decays as it is convected and diffused downstream. A
normalized Sherwood number distributions of both the inlet armégion of lower mass transfer on the sidewalls is observed near the
outlet ducts bear the spanwise asymmetric signature of the pyreattachment region along the leading and trailing walls that is
mid shaped rib. The low mass transfer observed in the centmkesumably caused by local flow deceleration. In the central re-
region of the module corresponds to the recirculation regiayion, mass transfer minima appear downstream of each profiled
downstream of the higher pyramid tip. Re-attachment of the flokb due to flow deceleration.
in the central region appears very close to the downstream rib,The bend effect does not appear to be very strong after the first
which is located five pyramid-rib heights downstream and inteprofiled rib, which was placed immediately after the 180 deg
feres with re-attachment. Since the two ends of the pyramildend. The leading and trailing wall distributions indicate that re-
shaped rib near the sidewalls are progressively lower, it is reas@ttachment after the ribs occurs somewhat farther downstream of
able to expect re-attachment farther upstream relative to ttiee rib on the side of the outer wall. There the velocities are higher
central region. Indeed the trend of the Sherwood number distribbecause of the secondary flow induced by the bend, which causes
tion indicates exactly that with two mass transfer peaks observieidher velocities on the outer wall of the bend. No significant
closer to the walls and located roughly six valley-rib heightsend effect is observed on the inner and outer walls. The trends
downstream. The area immediately behind each rib has low mase the same as those observed on the fully developed modules.
transfer rates induced by the recirculation region. This region The weak bend effect is attributed to the strongly three-
widest behind the tip of the pyramid of the rib and becomes natimensional flow induced by the profiled ribs, which can disrupt
rower as the rib profile becomes lower toward the walls. Thihe secondary and three-dimensional flow patterns induced by the
mass-transfer rate decreases downstream of the reattachnbemd.
points near the walls as the reattached boundary layer growsThe mass transfer results from the same profiled rib configura-
Steep variation of the mass transfer is again observed immediatébn as the one discussed above under rotating conditions, are
upstream of each rib and is associated with the previously dshown in Fig. 8. The Reynolds number is also the same as in the
cussed upstream recirculation region. stationary case and the rotation number is 0.3. The effect of rota-
Both sidewalls in Fig. 7 display similar characteristics typicdion is immediately apparent and strong. The trailing wall and
of fully developed ribbed duct sidewalls. Lower mass transférailing part of the inlet duct sidewalls, as well as the leading wall
rates are observed in the central region shifted away from the wafid leading part of the outlet duct, display considerably higher
with the valley profiled rib because in this case the rib height imass transfer rates than the opposite half of the duct. This is
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Outer Inlet Duct "fully developed” After Bend module Outlet Duct "fully developed"

Fig. 9 Detailed Sherwood number ratio distributions Sh /Sh, in selected developing and fully developed regions in a square
duct with saw-tooth shaped vortex generators at Re ~ =30,000, Ro=0, P/e=7.0 (1-pyramid-2-valleys )

consistent with the expected action of the Coriolis-induced seite valley part of the rib has shifted toward the outer wall, where
ondary flows as discussed previously and indicated in Fig. 2.Higher velocities are expected from the combined bend and Cori-
should be noted that the mass transfer rates for this rotating catie effects. No evidence of reattachment is observed on the trail-
are overall significantly higher than those observed for the stationg wall after the bend. The sidewalls of the after-bend module
ary casdFig. 7). Therefore, the profiled rib effect combined withbear the signature of the rib presence as well as that of rotation
the rotational effect lead to mass transfer enhancement. The with higher mass transfer rates toward the enhanéeading
hanced fully developed walls also consistently display the qualirall. The overall higher mass transfer rates observed on the outer
tative signature of the corresponding profiled ribs as they apall are attributed to the higher velocities developed inside the
peared in the stationary case. That is, the valley effect is cleablgnd.

visible on the outlet, leading wall while the pyramid effect is The second case where profiled ribs have displayed significant
visible on the inlet, trailing wall. However, the patterns on thesmass transfer enhancement under rotating conditions is the one
fully developed enhanced walls are skewed toward the inner walhere saw-tooth shaped ribs with two valleys and one central
on the inlet duct and towards the outer wall on the outlet dugtyramid are used on both leading and trailing walls of the inlet
This can be attributed to the interaction between the threand outlet ducts. We shall discuss the reference stationary case
dimensionality of the flow induced by the specific and asymmetrigst. The corresponding detailed mass transfer distributions are
profiled rib combination and the secondary flow induced by rotahown in Fig. 9 for the same inter-rib modules as in the case
tion. The fully developed sides that are less enhanced due to tliscussed before in Figs. 7 and 8. The leading and trailing fully
effect of rotation do not display a strong signature of the correleveloped walls bear the signature of the rib profile much as in the
sponding profiled ribs. In general the mass transfer increase assase before. Since all ribs are the same the fully developed cells
ciated with reattachment is moved farther downstream on tkbould, and indeed do, display the same qualitative features. High
leading wall of the inlet duct and trailing wall of the outlet ductmass transfer regions are observed downstream of the valleys at
Higher mass transfers are skewed toward the outer wall of thpproximately five valley-rib heights and are associated with the
inlet duct and toward the outer wall of the outlet duct. As with thécal reattachment regions. In the central region, behind the apex
enhanced walls, this can also be attributed to interaction betweafrthe pyramid, the mass transfer is lower as the three-dimensional
the three-dimensionality induced by the asymmetric profiled ritecirculation is longer due to the locally greater rib height. In fact,
combination and that induced by rotation. The sidewalls qualitthe mass transfer distributions indicate that reattachment in the
tively bare the same longitudinal trends dictated by the ribs asntral region has not been clearly established and probably coin-
outlined in the stationary case. However, the low mass transfddes with the next rib. The inner and outer sidewalls also display
central region is shifted away from the rotation-enhanced wallse expected features. The mass transfer symmetry with respect to
overshadowing the effect of the geometric asymmetry of the offte central axis is within experimental uncertainty and is dictated
posing profiled ribs, which was the prevailing factor in the staby the geometric symmetry of the profiled ribs. Minima of mass
tionary case. The bend effect manifests itself through mass tratrensfer are observed in the central region, while maxima exist
fer distributions on the leading and trailing walls, which areipstream and around the ribs for the same reasons given previ-
atypical of the rib profile. This is less so for the enhandedd- ously. In general the magnitudes of the local mass transfer are
ing) wall, where the high mass transfer due to reattachment fracomparable to the previous case. Bend effects are visible in the
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Outer Inlet Duct "fully developed" After Bend module Qutlet Duct "fully developed”

Fig. 10 Detailed Sherwood number ratio distributions Sh /Sh, in selected developing and fully developed regions in a square
duct with saw-tooth shaped vortex generators at Re =30,000, Ro=0.3, P/e=7.0 (1-pyramid-2-valleys )

post-bend module. The mass transfer distribution on the leadimgeraction between the three-dimensionality induced by the pro-
and trailing walls after the bend are atypical of the profiled rifiled ribs and that induced by rotation, which may be more visible
configuration due to the interaction between the secondary flodse to overall lower velocities in the main flow direction. The
of the bend and the three-dimensionality introduced by the prsidewalls qualitatively bare the same longitudinal trends dictated
filed rib. Higher mass transfer rates are observed nearer to thethe ribs as outlined in the stationary case. However, the low
outer wall because of higher velocities induced by the bend effentass transfer central region is shifted away from the rotation-
The inner and outer sidewalls of the module after the bend displaghanced walls. The bend effect manifests itself through mass
the typical trends observed in the fully developed modules. Howransfer distributions on the leading and trailing walls, which are
ever, the mass transfer rates are somewhat higher on the ouiar typical of the rib profile. This is less so for the enhanced
wall, which experiences higher velocities. (leading wall where the high mass transfer due to reattachment
The mass transfer results from the saw-tooth rib configuratidrom the valley part of the rib has shifted towards the outer wall
under rotating conditions are shown in Fig. 10. The Reynoldghere higher velocities are expected from the combined bend and
number is the same as in the stationary case and the rotat@oriolis effects. No evidence of reattachment is observed on the
number is 0.3. The effect of rotation is quite strong in this case &siling wall after the bend. The sidewalls of the after-bend mod-
in the valley-pyramid rib case. The trailing wall and trailing partle bear the signature of the rib presence as well as that of rotation
of the inlet duct sidewalls, as well as the leading wall and leadingith higher mass transfer rates toward the enhaniéeading
part of the outlet duct, experience considerably higher mass tram&ll. The somewhat higher mass transfer rates observed on the
fer rates than the opposite half of the duct. This is again consistentter wall are attributed to the higher velocities developed inside
with the Coriolis-induced secondary flow effect as depicted in Fighe bend.
2. It should also be noted that the mass transfer rates for this
rotating case are overall significantly higher than those observed luding R K
for the corresponding stationary ca$eg. 9. So, once more the onciuding ~emarks
profiled rib effect combined with the rotational effect lead to mass Detailed mass/heat transfer results have been presented for two
transfer enhancement. The enhanced fully developed walls congissfiled-rib configurations inside a two-pass rotating ribbed cool-
tently display the qualitative signature of the profiled ribs as in thent channel under rotation: one case where the rib on the leading
stationary case. No significantly skewed mass transfer pattemall has a valley and the trailing wall a pyramid exhibited a 25
appear in this case where opposite ribs are symmetric, unlike hercent mass transfer overall improvement for both the inlet and
previous case where the opposite ribs were asymmetric. The fullytlet ducts when compared to tf¥e=7 pitch reference case;
developed sides, which are less enhanced due to the effectttedf other case where both the leading and trailing wall ribs have
rotation, do not display a strong signature of the correspondimgo valleys on either side of a single, central pyramid. This case
profiled ribs. In general the mass transfer increase associated veighibited a 23 percent mass transfer overall improvement in the
reattachment is moved farther downstream on the leading walliafet duct and 9 percent improvement in the outlet when compared
the inlet duct and trailing wall of the outlet duct. Higher masto the P/e=7 pitch reference case. High-resolution mass transfer
transfers are skewed toward the outer wall of the inlet duct amgeasurements carried out at-R&0,000 and two rotation num-
toward the inner wall of the outlet duct. This could be attributed tbers(0 and 0.3 have revealed the local characteristics of the mass
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transfer rate distributions on all walls. These characteristics havé’] Hong, Y., and Hsieh, S., 1993, “Heat Transfer and Friction Factor Measure-
been related to the geometry of the profiled ribs under both sta- ments in Ducts With Staggered and In-Line Ribs,” ASME J. Heat Transfer,

. . " . 115 pp. 58-65.
tionary and rotating conditions. The local effects of rotation, [8] Kukreja, R., Lau, S., and McMillin, R., 1992, “Local Heat/Mass Transfer

which are quite strong, have also been discussed. It has been pistribution in a Square Channel With Full and V-Shaped Ribs,” Int. J. Heat
argued on the basis of the local mass/transfer results that the com- Mass Transf.36, No. 8, pp. 2013-2020. .
bination of three-dimensional flow induced by the profiled-rib ge- [ z:aﬂgr\éh z?r:Jne\I/ZV\E;IITF? g%‘gei-'Olrggi;t;;';egtrggsgsf%;gdf;\'g"\;g " 'T_l?;t
ometry and the secondary flow effects due to rotation leads to Trsnsfer,llﬁ, Dp. 5865, '

significant enhancement of mass/heat transfer. It is also showiy) soyle, R., 1984, “Heat Transfer in Serpentine Passages With Turbulence Pro-
that the spanwise mass/heat transfer distribution on the rib-bearing moters,” NASA Tech. Memorandum 83614.

walls can be manipulated through the use of different rib profiled11] Han, J., Chandra, P., and Lau, S., 1988, “Local Heat/Mass Transfer Distribu-
The most significant enhancements due to the profiled ribs were g%r;sm/?é%up ig&a& lggzge?r;r?sr?ei;llgTrJvr\JIO_SJF;asgssmomh el Rib-Roughened
observed on the walls Of_the two-pass duct that are I’OtatIQI’Elz] Wagpner, J Johnson, B., Graziani, R., and Yeh, F., 1992, “Heat Transfer in
enhanced, as well as the side walls. Consequently, use of profiled Rotating Serpentine Passages With Trips Normal to the Flow,” ASME J.
ribs may be a viable and effective solution to local heat transfer Turbomach.114 pp. 847-857.

enhancement and/or spatial redistribution in actual rotating, ribbdd?3] Parsons, J., Han, J., and Zhang, Y., 1995, “Effect of Model Orientation and

. : : [ Wall Heating Condition on Local Heat Transfer in a Rotating Two-Pass
multipass cooling channels for gas turbine applications. Square Channel With Rib Turbulators,” Int. J. Heat Mass Trarg&. No. 7,

pp. 1151-1159.
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Local Heat Transfer and Flow
Structure on and Above a Dimpled
Surface in a Channel

Experimental results, measured on and above a dimpled test surface placed on one wall
of a channel, are given for Reynolds numbers from 1250 to 61,500 and ratios of air inlet
stagnation temperature to surface temperature ranging from 0.68 to 0.94. These include
flow visualizations, surveys of time-averaged total pressure and streamwise velocity, and
spatially resolved local Nusselt numbers, which are measured using infrared thermogra-
phy, used in conjunction with energy balances, thermocouples, and in situ calibration
procedures. The ratio of channel height to dimple print diameter is 0.5. Flow visualiza-
tions show vortical fluid and vortex pairs shed from the dimples, including a large upwash
region and packets of fluid emanating from the central regions of each dimple, as well as
vortex pairs and vortical fluid that form near dimple diagonals. These vortex structures
augment local Nusselt numbers near the downstream rims of each dimple, both slightly
within each depression, and especially on the flat surface just downstream of each dimple.
Such augmentations are spread over larger surface areas and become more pronounced
as the ratio of inlet stagnation temperature to local surface temperature decreases. As a
result, local and spatially averaged heat transfer augmentations become larger as this
temperature ratio decreases. This is due to the actions of vortical fluid in advecting cool
fluid from the central parts of the channel to regions close to the hotter dimpled surface.

San Diego, CA 92186 [DOI: 10.1115/1.1333694

concave dimples on surfaces of annular internal passages. Results
\ﬁpplicable to shell-and-tube heat exchangers show maximum rela-
ve increases in overall heat transfer for deep cavities of about

, and for shallow cavities of about 2.0, compared with smooth

Introduction

To reduce or eliminate the need to employ film cooling, ne
attention has been devoted to internal cooling schemes for turb
airfoils. Internal schemes are advantageous in several respeCts: . ;
including smaller requirements for compressor air, and little or nular internal passages. ngh pressure losses are also reported.
aerodynamic penalties. However, the augmentation of surfaggarman and Harvep] investigate crossflows over dimpled cy-
heat transfer coefficients and the flow structural characterisfi‘é%d”cal surfaces. The geometry of the dimples corresponds to the
responsible for such augmentations must be understood for oiimum concavity depth found by Kimura and TsutaH#gfor
mal internal passage design. The present investigation focuses®Rimum drag on cylinders. At high Reynolds numbers, signifi-
the use and effects of dimples in providing such augmentatiors&ntly lower drag coefficients are present with arrays of dimples
Such surface geometries have been long recognized to provignpared to smooth cylinders.
aerodynamic and flow benefits for a variety of applicatiphl More recently, Kesarev and Kozl¢Vv] present distributions of
Here, heat transfer and flow structure are investigated in a cha@cal heat transfer coefficients inside a hemispherical cavity and
nel, with dimples on one surface, which models the passages ug#ticate that the convective heat flux from the cavity is higher
to cool turbine airfoils employed in gas turbine engines used fthan that from the surface of a plane circle of the same diameter as
power generation. the cavity diameter. The authors also describe the effects of tur-

Many early investigations of the effects of dimple cavities obulence intensity of the incident flow on the local heat flux and on
heat transfer and flow structure are by Russian investigatotise local shear stress on the cavity surface. Terekhov ¢8Hhl.
Much of this work focuses on flow and/or heat transfer eithggresent experimental measurements of flow structure, pressure
inside or downstream of single or multiple concave depressiofisids, and heat transfer in a channel also with a single dimple on
on a wall in an internal passage. Of these studies, Gromov et @he surface. Different magnitudes and frequencies of flow oscil-
[2] describe symmetric and nonsymmetric streamlines and fldations are described, along with heat transfer and pressure loss
patterns produced by such cavities with a variety of sizes. Cells @pendence on dimple geometry. From flow visualizations, Zhak
fluid motion are described in the form of tightening spirals, helicab] describes a variety of vortex structures in different shaped
streamlines, and horse-shoe shaped vortices. Afanasyev[8] al.rectangular cavities. Schukin et &.0] present results applicable
describe the heat transfer enhancement mechanism for flows oegas turbine cooling. Average heat transfer coefficients are re-
walls indented with regular arrays of spherical pits. This includgsorted from the measurements on a heated plate downstream of a
the dynamic and thermal properties of the boundary layer on t8ggle hemispherical cavity in a diffuser channel and in a conver-
smooth surface between the pits. Enhancements of 30-40 percgait channel. The study provides data on the influences of the
without appreciable pressure lossesmpared to a smooth sur- mainstream turbulence intensity level and the angles of diver-
face)_ are_reported. Belen'kiy et a[A] desc_rlbe heat transfer in- yence and convergence on heat transfer augmentation.
tensification from a tube surface fitted with a staggered array of oiher recent work by Chyu et aJ11] includes data on the
- influences of Reynolds number on local heat transfer coefficient

!Corresponding author. distributions on surfaces imprinted with staggered arrays of two

Contributed by the International Gas Turbine Institute and presented at the 45{ftarant shapes of concavities. Their measurementsHi@r of
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, G§-5 1.5 and 3.0 show distributions of heat transfer coefficients
many, May 8-11, 2000. Manuscript received by the International Gas Turbine Inst+¥s -9 :
tute February 2000. Paper No. 2000-GT-230. Review Chair: D. Ballal. everywhere on the surfaces that are significantly higher than val-
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ues in channels with smooth walls. Over a range of Reynolds
numbers, enhancement of the overall heat transfer rate is about 2.5
times smooth surface values, and pressure losses are about half
the values produced by conventional rib turbulators. Lin et al.
[12] present computational simulation results of the flow struc-
tures and resulting surface heat transfer distributions for the same
geometries and flow conditions. Flow streamlines and temperature
distributions are presented that provide insight into flow structural
characteristics produced by the dimples. Another recent investiga-
tion by Gortyshov et al[13] employs spherical dimples, called
spherical intensifiers, placed at different relative positions on the
two opposite surfaces of a narrow channel. Moon eflaf] give

data forH/D from 0.37 to 1.49 that illustrate the effects of channel
height on heat transfer and pressure losses on a surface with a
staggered pattern of dimples. According to the investigators, im-
provements in heat transfer intensification and pressure losses re-
main at approximately constant levels over the ranges of Reynolds
number and channel height investigated.

The present study is different from other investigations of the
influences of dimples on flow and heat transfer because spatially
resolved distributions of local Nusselt numbers, instantaneous
flow structure(from flow visualizationg and distributions of total
pressure and streamwise velocity are provided and interrelated to
each other. Such data are presented for locations along the
dimpled surface at different Reynolds numbers, and at different
ratios of air inlet stagnation temperature to local surface tempera-
ture. Magnitudes of this temperature ratio include values in the
range of application to gas turbine airfoil internal cooling pas-
sages. Particular attention is paid to the local flow characteristics
that are responsible for augmentations of local Nusselt numbers.

Experimental Apparatus and Procedures

Channel and Test Surface for Heat Transfer Measure-
ments. A schematic of the facility used for heat transfer mea-
surements is shown in Figs(a) and Xb). The air used within the
facility is circulated in a closed loop. One of two circuits is em-
ployed, depending upon the Reynolds number and flow rate re-
quirements in the test section. For Reynolds numbers IBss
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than 20,000, a 102 mm pipe is connected to the intake of an ILG (b)
Industries 10P type centrifugal blower. For higher Reynolds num- o )
bers, a 203 mm pipe is employed with a New York Blower Cd7i9: 1 Schmeatic diagrams of = (&) the experimental apparatus,
7.5 HP, size 1808 pressure blower. In each case, the air mass (b) a side view of the experimental apparatus with dimen-
rate from the test section is measur@gpstream of whichever sions. All dimensions are given in mm.
blower is employefusing an ASME standard orifice plate and
Validyne M10 digital pressure manometer. The blower then exits
into a series of two plenum®.9 m square and 0.75 m squar& All exterior surfaces of the facilitybetween the heat exchanger
Bonneville crossflow heat exchanger is located between two afid test sectionare insulated with Styrofoartk=0.024 W/mK),
these plenums, and is cooled with liquid nitrogen at a flow rater two to three layers of 2.54-cm-thick, Elastomer Products black
appropriate to give the desired air temperature at the exit of theoprene foam insulatiofk=0.038 W/mK to minimize heat
heat exchanger. As the air exits the heat exchanger, it enters libeses. Calibrated copper-constantan thermocouples are located
second plenum, from which the air passes into a rectangular beditween the three layers of insulation located beneath the test
mouth inlet, followed by a honeycomb, two screens, and a twsection to determine conduction losses. Between the first layer and
dimensional 19.5:1 contraction ratio nozzle. Figui®)1shows the 3.2-mm-thick acrylic, the dimpled test surface is a custom-
that this nozzle leads to a rectangular cross-sectional, 411 mmrhgde Electrofilm etched-foil heatéencapsulated between two
25.4 mm inlet duct, which is 1219 mm in length. This is equivathin layers of Kaptopto provide a constant heat flux boundary
lent to 25.4 hydraulic diametefs/here hydraulic diameter is 47.8 condition on the test surface. The acrylic surface contains 24
mm). A trip is employed on the bottom surface of the inlet ductgopper-constantan thermocouples, and is adjacent to the air
just upstream of the test section, which follows with the sanmsream. Each of these thermocouples is located 0.0508 cm just
cross-sectional dimensions. It exits to a 0.60 m square plenubelow this surface to provide measurements of local surface tem-
which is followed by two pipes, each containing an orifice platgeratures, after correction for thermal contact resistance and tem-
mentioned earlier. perature drop through the 0.0508 cm thickness of acrylic. Acrylic
Figures 2a) and 2b) present the geometric details of the tesis chosen because of its low thermal conductiviky0.16 W/mK
surface, including dimple geometry. A total of 13 rows of dimpleat 20°Q to minimize streamwise and spanwise conduction along
are employed in the streamwise direction, and 9 rows are ethe test surface, and thus minimize “smearing” of spatially vary-
ployed in the spanwise direction in a staggered array. Also ideimg temperature gradients along the test surface. Acrylic also
tified in Fig. 2a) is the test section coordinate system employedorks well for infrared imaging because its surface emissivity
for the study. Note that th& coordinate is normal to the testranges from 0.60 to 0.65. The power to the foil heater is con-
surface. trolled and regulated using a Variac power supply. Energy bal-
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Fig. 2 Schematic diagrams of:
face, and (b) individual dimple geometry details. All dimen-

sions are given in mm.

FLOW DIRECTION

(a) the entire dimpled test sur-

considered to be based on the same area. This is a different ap-
proach than employed by Chyu et fl1] and Moon et al[14],

who used a flat projected area to determine heat flux. As a result,
heat transfer coefficients from those studies are about 16.4 percent
higher than values from the present study when compared for the
same geometry and flow conditions.

Spatially resolved temperature distributions along the dimpled
test surface are determined using infrared imaging in conjunction
with thermocouples, energy balances, digital image processing,
and in situ calibration procedures. To accomplish this, the infrared
radiation emitted by the heated interior surface of the channel is
captured using a VideoTherm 340 Infrared Imaging Camera,
which operates at infrared wavelengths fromu& to 14 um.
Temperatures, measured using the calibrated, copper-constantan
thermocouples distributed along the test surface adjacent to the
flow, are used to perform the in situ calibrations simultaneously as
the radiation contours from surface temperature variations are
recorded.

This is accomplished as the camera views the test surface
through a custom-made, zinc-selenide wind@which transmits
infrared wave lengths between 6 and Aw) located on the top
wall of the test section. Reflection and radiation from surrounding
laboratory sources are minimized using an opaque shield, which
covers the camera lens and the zinc selenide window. Frost
build-up on the outside of the window is eliminated using a small
heated air stream. The window is located just above the tenth to
twelfth rows of dimples downstream from the leading edge of the
test surface. Five to six thermocouple junction locations are usu-
ally present in the infrared field viewed by the camera. The exact
spatial locations and pixel locations of these thermocouple junc-
tions and the coordinates of a 12.7 cm by 12.7 cm field of view
are known from calibration maps obtained prior to measurements.
During this procedure, the camera is focused, and rigidly mounted
and oriented relative to the test surface in the same way as when
radiation contours are recorded.

With these data, gray scale values at pixel locations within
videotaped images from the infrared imaging camera are readily
converted to temperatures. Because such calibration data depend
strongly on camera adjustment, the same brightness, contrast, and
aperture camera settings are used to obtain the experimental data.
The in situ calibration approach rigorously and accurately ac-
counts for these variations.

Images from the infrared camera are recorded as 8-bit gray
scale images on commercial videotape using a Panasonic AG-
1960 video recorder. Images are then digitized using NIH Image
vl.60 software, operated on a Power Macintosh 7500 PC com-
puter. Subsequent software is used to convert each of 256 possible
gray scale values to temperature at each pixel location using cali-
bration data, and then determines values of local Nusselt numbers.
Thermal conductivity in the Nusselt number is based on the aver-
age of the local wall temperature and the temperature of the air at
the upstream inlet. Contour plots of local surface temperature and
Nusselt number are prepared using DeltaGraph v4.0 software.
Each individual image covers a 300 pixel by 300 pixel area. Hed-
lund and Ligrani[15] provide additional details on the infrared
imaging and measurement procedures.

To check the repeatability and consistency of the results, infra-

ances, performed on the heated test surface, then allow deterrdit images from three different regions on the test surfatle
nation of local magnitudes of the convective heat flux. located over the tenth, eleventh, and twelfth rows of dimpies
The mixed-mean temperature of the air entering the test sectigi@asured. Each of these regions covers the exact same area,
is measured using five calibrated copper-constantan thermghich is the same as the center-to-center distance between four
couples spread across its cross section. All measurements areg@fjeining dimples in the tenth and twelfth rows. Results are iden-
tained when the test facility at steady state, achieved when eachieal for overlapping regions and repeatable well within uncer-
the temperatures from the 24 thermocougies the test surfage tainty magnitudes when considered at similar locations with re-
vary by less than 0.1°C over a 10 minute period. spect to different dimples. This indicates appropriate flow
Local Nusselt Number Measurement To determine the sur- uniformity and periodicity in the test section, as well as correct
face heat flux(used to calculate heat transfer coefficignthe test surface operation.
convective power provided by the etched foil heater is divided by
the total area of the test surfatféat portions and dimplesThus, Time-Averaged Total Pressure, Static Pressure, and
local heat transfer coefficients and local Nusselt numbers can $eamwise Mean Velocity. A separate channel facility, with
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interior geometry identical to that in the heat transfer facility, iExperimental Results and Discussion

employed for flow visualization as well as quantitative surveys of ) )
flow structure. Baseline Nusselt Numbers. Baseline Nusselt numbers are

A United Sensor KAA-12 1/16-in.-dia miniature Kiel total measured with a smooth test surface replacing the dimpled test

pressure probe and a separate United sensor static pressure prgf@ce at the same Reynolds numbers as employed in the dimpled
are used to obtain time-averaged surveys of total pressure &h@nnel. Other than the test surface, all geometric characteristics
static pressure, respectively. These data are then used to dedifc#e channel are the same as when a dimpled test surface is
distributions of streamwise velocity. To obtain the surveys, tHgstalled. These baseline values are used to normalize dimpled test
probe employed is mounted on an automated two-dimensiogéiface values, and are thus used as a basis of comparison to
traverse, and inserted into the test section through a slot lined watiinpled test surface values. All baseline measurements are made
foam to prevent air leakage. The output of the probe is connect¢#ih thermally and hydraulically fully developed channel flow, at
either to a Validyne DP103-06 pressure transduwgdrich mea- @ ratio of inlet stagnation temperature to wall temperature of
sures differential pressures up to 2.5 mm of water a Celesco 0.93-0.94.
LCVR pressure transducéwvhich measures differential pressures Spati atrih i ;
: atially Resolved Nusselt Number Distribution. Figure 3
up to 20.0 mm of water Signals from the transducer are the% b Y g

; . resents spatially resolved Nusselt numbers measured on the
processed using a Celesco CD10D Carrier-Demodulator. Volta pled test surface placed on one wall of ##® = 0.5 channel.

from the Carrier-Demodulator are acquired using a Hewlet{ o opposite channel wall is smooth, as mentioned. Reynolds

Packard 44422A data acquisition card installed in a Heretﬁ'umber Rg for the measurements is 10,200, ahgl/T,,=0.94
) 1l w . .

Packard 3497A data acquisition control unit. This control unit, thﬁlow direction for the figure is from tob to bottom in the direction
Superior Electric type M092-FD310 Mitas stepping motor on thgf increasing X/D. Thegimage shows dimples in the tenth to

two-dimensional traverse, a Superior Electric Modulynx Mitaﬁ/velfth rows from the beginni
. . ginning of the test surface.
type PMS085-C2AR controller, and a Superior Electric Modulynx The locations of the circular concave depressions of the

Mitas type PMS085-D0S0 motor drive are controlled by &y njes correspond to circular Nu/iyigontours in Fig. 3. Lower
Hewlett-Packard A4190A Series computer. Contour plots of Megyselt number ratios are located over the upstream halves of the
sured quantities are generated using a polynomial interpolatigg, essions. Local Nusselt number ratios are then higher in the
technique(within DeltaGraph softwasebetween data points. In 44y nstream halves. The highest values are then located near the
each survey plane, data points are spaced 2.54 mm apart. downstream rims of each dimple, both slightly within each de-
Flow Visualization. Flow visualization using smoke is used toPression, and on the flat surface just downstream of each dimple.
identify vortex structures and other secondary flow featuregonsistent with the results of Kesarev and KozIpr] and
Smoke from two or three horizontally oriented smoke wires i§chukin et al[10], most local values in the concave cavities are
employed for this purpose. These are located 3.2 mm, 6.4 mhigher than values measured a smooth channel at the same Rey-
and 19.1 mm from the surface over the fifth row of dimples dtolds number and temperature ratio.
X=200-210 mm. To accomplish this, each wire is first coated Referring to the area ovet/D from —0.3 to +0.3, and over
with Barts Pneumatics Corp. super smoke fluid and then poweréd from 9.1 to 9.7, the high Nu/Nuregion is spread over a
using a Hewlett-Packard 6433B DC power supply. With this afegion that is approximately parallel to the downstream edge of
rangement, the smoke forms into single thin lines parallel to thBe dimple. Two fingers from this region then extend downwards
test surface. As the smoke is advected downstream, the secondiie positiveX/D direction, which are located near the spanwise
flows that accompany vortex and secondary flow developmegfiges of adjoining dimples. These fingers continue to extend
cause the smoke to be rearranged in patterns that show the Ig@wnward in the+X/D direction until they connect with high
tions and distributions of these flow phenomena. Smoke pattefdd/Nu, regions located on the flat surfaces just downstream of the
are illuminated in different planes using thin sheets of light pradjacent dimples. With this arrangement, regions of high Ng/Nu
vided by a Colotran ellipsoidal No. 550, 1000 watt spotlight, and
light slits machined in two parallel metal plates. Images are re-
corded using a Dage-MTI CCD72 camera and control box with a
Computar Inc. 12.5 mm, F1.8 lens, connected to a Panasonic AG-
1960 type four-head, multiplex video cassette recorder. Images
recorded on video tapéaken individually or in sequentere 3 26 22 18 14 1
then digitized using a Sony DCR-TRV900 digital video camera [ e . .
recorder. The resulting images are then further processed using a
Power Macintosh 7500 PC computer, and finally printed using a 7.3
Panasonic PV-PD 2000 digital photo printer.

Uncertainty Estimates 7.8
Uncertainty estimates are based on 95 percent confidence lev-

els, and determined using procedures described by Mpf®it 8.34¢%

The uncertainty of temperatures measured with thermocouples is Q

+0.15°C. Spatial and temperature resolutions achieved with the P4

infrared imaging are about 0.52 mm and 0.8°C, respectively. This 8.8,
magnitude of temperature resolution is due to uncertainty in de-
termining the exact locations of thermocouples with respect to

pixel values used for thim situ calibration. Local Nusselt number 9.3

uncertainty is then about-6.8 percent forT; /T,,=0.68. The

corresponding Nusselt number ratio uncertainty is abb0t19 9.8

(for a ratio of 2.00, or 9.6 percent. Such Nu/Nwncertainties : ! !
then increase &8, /T,, becomes larger. Reynolds number uncer- -1.25 -0.25 0.75
tainty is about+ 1.7 percent for Rg of 10,200. The uncertainties Z/D

of total pressurérelative to atmospheric pressirstatic pressure
(relative to atmospheric pressiireand streamwise velocity are Fig. 3 Local Nu /Nu, distributions measured at Re ,,=10.200
about*=4.0, £4.0, and= 2.5 percent, respectively. and T,;/T,=0.94
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Fig. 5 Time sequence of flow visualization images in the

(@) Spanwise-normal light plane

b) Right-diagonal light plane spanwise-normal light plane at dimple row 10 for Re  ;=1250
gcg Le?,_diagfna. Iigr?tplzne and H/D=0.5: (a) t=0.0 s, t*=0.0, (b) t=0.033 s, t*=1.12, (¢)
t=0.067 s, t*=2,27, (d) t=0.100 s, t*=3.39, (d) t=0.133 s,

Light Plane Orientation t*=4.50, (f) t=0.167 s, t*=5.66

spanwise-normal plangsee Fig. 4. They are also occasionally
apparent in(ii) leftward-looking diagonal views of smoke pat-
terns illuminated in right diagonal-normal planes, afid)
rightward-looking diagonal views of smoke patterns illuminated
in left diagonal-normal plane®gain see Fig. ¥ Two other stems
and mushroom-shaped smoke patterns are located near the
Direction of Flow diagonal-spanwise edges of each dimple, or just downstream of
) . . ) these locations. Each upwash region stem leads to the “petals” of
Fig. 4 Sketch of three-dimensional flow structure and flow vi- w“ " . - -
sugalization images in different light planes at dimple row 10 for Fhe mushroom I_ocated J“§t above, at EOSItlonns that are just at or
Re,=1250 and H/D=0.5 just ab.ove the dlmple' horizon. Each pgtal corresponds to a
vortex in the vortex pair. These vortex pairs are stretched as they
are advected downstreafiy the streamwise bulk flow above the

are interconnected downstream of and to the sides of mdifPle horizon, which causes them to become smaller in cross

dimples in the streamwise and spanwise adjacent rows. section and more elongated. . .
From a streamwise view looking downstregpanwise-normal

Instantaneous Flow Structure. These regions of high local view in Fig. 4, the central upwash region and vortex pair are
Nu/Nuy, are the result of collections of vortex pairs and vorticatoughly symmetric with respect to a centerline-normal plane.
fluid that is shed periodically from each dimple. The effects of thisrom diagonal viewgespecially the right-diagonal plane in Fig.
fluid on thermal transport are especially pronounced near dowd); the stem is elongated and bent in the downstream direction
stream rims of dimples as well as on flat surfaces downstreamwaith the farthest downstream vortex elongated and somewhat dis-
and between dimples, as mentioned. The outward sheddingtored. This elongation is a result of viewing the vortex in a diag-
ejection of fluid produces heat transfer augmentation fronthe onal plane, and possibly a result of vortex stretching produced by
periodicity and unsteadiness of the vortical fluid, afid the the streamwise bulk flow above the dimple horizon. The axes of
strong secondary fluid motions of the vortical fluid and vorterotation, orientations, and structure of the vortices in these vortex
pairs near the surface. A schematic drawing illustrating the chamairs are about the same as they are shed from each dimple. That
acter of this vortical fluid is shown in the top part of Fig. 4is, the vortices are always present temporarily at about the same
Included in this figure are flow visualization images in three diftocations during and after each shedding event.
ferent planes with respect to the dimples: spanwise-normal, right-At the diagonals of the dimple, the secondary flows in each
diagonal, and left-diagonal. The orientations of these planes am@rtex of each pair may impact on the flat surface adjacent to each
shown in the bottom portion of Fig. 4. dimple. As a result, additional smaller vortex pairs, collections of

The shedding of fluid from the dimple is a key feature of thgortex pairs, or sometimes, short “braids” of vortical fluid are
flow structure. The outward fluid motion from within the dimpleformed near dimple diagonals. This is illustrated in the schematic
(or upwash regionis present mainly at three locations with re-drawing at the top of Fig. 4, and is also apparent in the smoke
spect to each dimple. Each upwash region appears like the stenpafterns photographed in spanwise-normal and right- and left-
a “mushroom” smoke pattern in spanwise-normal plane flow vidiagonal planes. These pairs and packets of vortical fluid are then
sualization images. The most prominent “stem,” correspondinadvected downstream as they are periodically impacted on the
to the strongest upwash, follows a streamwise-normal pladewnstream rim of the dimpled edge and on the flat surface just
roughly down the centerline of each dimple. Such stems are afpwnstream of the dimples. This vortical fluid is stretched further
parent in:(i) streamwise views of smoke patterns illuminated ifrom the dimple edgegespecially in dimple diagonal directions
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downstream of the last row of dimples on the test surface. The
data are time-averaged, and as such, illustrate flow characteristics
which are different from, but complementary to, the flow visual-
ization data. Each survey extends over the middle 80 percent of
the height of the channel, and ov&from —1.79 to +1.73 (or
—3.5H to +3.5H) on each side of the spanwise centerline of the
test surface. The surveys are thus located just downstream of the
centerline dimple in the 13th row as well as small portions of the
dimples located on either side in the same streamwise row. The
surveys are then also located just downstream of two other
dimples, located in the twelfth row diagonally with respect to the
dimples in the thirteenth row. The data in Fig. 6 are measured at a
Reynolds number Re of 9000.

Apparent in the distributions of total pressufeart (a)) and
streamwise velocitypart (b)) in Fig. 6 are important deficits near

0.1
0.9

/ the dimpled surface. Each of these is shaped roughly like an in-
0.7 verted “V” and is located just downstream of a dimple cavity.
© = o5 Note that the deficits downstream of the dimples in the 13th row
> (at Z/H of 0, for examplg are larger and more pronounced than
0.3 the deficits downstream of the dimples in the 12th f(@nz/H of
\ +2.5, —2.5). Each deficit results from upwash of packets of fluid
0.1 away from dimples in the positiv¥ direction.
85 25 4.5 08 05 15 25 85 Such upwash regions in the secondary flow field are shown
Z/H schematically in partc) of Fig. 6. These produce deficits in
. . . ) (Po-P[overball;) and uloverbat by advecting relatively low-
Fig. 6 Surveys of time-averaged quantities in a spanwise- velocity/low total pressure fluid away from dimpled surfaces and

normal plane at X/D=11.88, which is located 53.2 mm down-
stream of the last row of dimples on the test surface for

Re;;=9000:(a) total pressure (P,—P,), adjacent contour lines

away from the dimple horizon. Because of continuity and the
boundary conditions imposed by the top and bottom walls of the

) \ K . channel, one downwash region is located between two adjacent
are 2.0 Pa apart; (b) streamwise velocity u, adjacent contour h . A It, Fig(ch sh that t . f
lines are 0.25 m /s apart; (c) schematic diagram of qualitative upwash regions. AS a resuit, Fgicb Sshows that two pairs o
variations of large-scale, time-averaged secondary flow vectors counterrotating secondary flow zonies four total zones of rotat-
ing fluid) are present in the time-averaged flow field between the
spanwise centerlines of two adjacent dimples in the same stream-

as the Reynolds number increases. This causes the “braids” \§€ row. This is consistent with the upwash and downwash re-
vortical fluid to advect just above and into the dimple volumegions apparent in the flow visualization images in Figs. 4 and 5.
which are located diagonal and adjacent to the dimple responsibi@Wever, upwash regions just above the dimgiesere the flow
for the initial upwash of fluid. V|sua.I|zat|on rgsults are obt.aln)ealre. more angled with respect to.
Another important feature of the flow structure produced by tH8€ dimple horizon at the dimple diagonals than the normally ori-
dimpled surface is the periodicity associated with shedding 8fited upwash vectors shown in Fidcp , o
packets of vortical fluid from individual dimples. This results in a Because of the staggered arrangement of dimples in different
periodically varying flow structure above the dimple, which i$treamwise rows, such time-averaged secondary flows are con-
illustrated by the time sequence of spanwise-normal flow visuditually rearranged as flow advects over different streamwise rows
ization images in Fig. which are spaced 1/30 s apart from eacQf dimples. The downwash regions shown in Figo)Gresulting
othe). Smoke patterns in the top parts of photogragas(b), (e), from such actlyltles advect fIU|d.from the cente( portpns of the
and (f) evidence secondary flows largely moving toward th&hannel to regions neaVD=_0. This and the r_esultlng thinning c_)f
dimple, whereas secondary flows largely move in ¥ direc- the shear layers near the dimpled surface aids the augmentation of
tion in the top parts of photograplis) and(d). The small vortex
pairs near dimple diagonals then oscillate to the left and right
flow moves into and out of the side parts of the dimpiesighly
in phase with the larger-scale motion. These events coincide with 7.3
larger-scale inrush of flow to the dimplghotos(a) and (b) in
Fig. 5), shedding of packets of vortical fluid from the dimple :
(photos(c) and(d)), and then another inrush evephotos(e) and 7.8 3
(f)). This periodic sequence thus occurs continually such that the I
two types of events are not necessarily distinct or separate from
each other. This means that some of the inward advection occurs
as the shedding of fluid from the dimple is taking place, and vice
versa. _ _ _ o 8.8-
Observations of videotaped flow visualization images show that '
the vortical fluid seems to be shed simultaneously with fluid shed
from other dimples in the same spanwise row, but out of phase 0.3-

8.3\

X/D

with the packets of fluid shed from dimples in an adjacent up- e
stream or downstream dimple row. The inward advection and out- R &
ward shedding must both take pla@ither simultaneously or al- 9.8 T T
ternatively if continuity is to be satisfied for the flow near the -1.25 -0.25 0.75

dimpled surface.

Time-Averaged Surveys of Total Pressure, Streamwise Ve-

locity, and Secondary Flow Vectors. Figure 6 presents dataFrig. 7 Local Nu/Nu, distributions measured at Re ,=61,500
measured aX/D=11.88, which is a location about 53.2 mmand T,;/T,=0.92. Contour plot scale is given with Fig. 3.
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Fig. 8 Local Nu/Nug distributions measured at Re ,=13,300

and T,,/T,=0.83. Contour plot scale is given with Fig. 3. Fig. 10 Local Nu /Nuy as dependent upon X/D, measured at

different Re yand T,/ T, at the eleventh row of dimples along a
line of constant Z/D of 0.89
local Nusselt numbers, particularly the fingers of high Ny/u
Fig. 3. As mentioned, these surface fingers extend downward in
the positive X/D direction from the downstream edge of each The Nusselt number ratio distributions in Figs. 8 and 9 are for
gmglg,&aﬂd are located near the spanwise edges of ad10|m|=|é;I IT, of O..83 and 0.68, respectively, compared Tg, /T,
=0.94 for Fig. 3. The Reynolds numbers for all three datasets
Effects of Vortex Structures on Local Nusselt Numbers at range from 10,200 to 13,300, and thus, are all about the same.
Different Reynolds Numbers and Temperature Ratios. Con- Comparing these three contour plots shows that as the ratio of
tour plots of local Nusselt number ratio distributions NujNuwe inlet to wall temperature ratio decreases, the coolest part of the
presented in Figs. 7, 8, and 9. The data are presented for the saé@sé surface, which corresponds to the highest values of Nu/Nu
part of the test surface as employed to obtain the results in Fig.igensifies, broadens, and extends farther away from the down-
but at different Rg or differentTy; /T,, compared to the data in stream rims of the dimples. This becomes more significant as the
Fig. 3. Note that the Nu/Nyscales in all four figures are the sametemperature ratid; /T,, decreases because vortex pairs and vor-
Comparing the results in Fig. 7 for Re61,500 andT;/T,, tical fluid in the channel bring larger amounts of colder fluid from
=0.92 to the results in Fig. 3 for Re10,200 andT, /T, the central parts of the channel to regions near the dimpled sur-
=0.94 illustrates the influences of Reynolds number on local Nukice. Larger-scale secondary flows, especially downwash regions,
selt number distributions. Qualitative and quantitative variatiorsich as those evident in the time-averaged surveys of Fig. 6, also
of Nu/Nu, are very similar in these two figures. Only slight dif-aid this process.
ferences are apparent in the bottom portions of the dimple cavi-The effects of varying temperature ratio and Reynolds number
ties, where crescent-shaped contours of low magnitude e further illustrated by the results presented in Figs. 10 and 11.
slightly larger at the lower Reynolds number. In contrast, on tHe each case, local Nu/Nwalues are given along one line along
flat parts of the surface, Nusselt number variations are a dirdbe test surface. For Fig. 10, variations wifD are given along a
result of the three-dimensional unsteady secondary flows from thige corresponding t@/D=0.89. This corresponds approximately
dimples. Here, the similarities of local Nu/jlwariations in Figs. with the spanwise-centerline of a dimple in the eleventh row. In
3 and 7 evidence similar vortical and secondary flow structuresfiy. 11, Nu/Ny data are presented as they vary witlD, along a
the different Rg investigated. line corresponding t&X/D=8.46. This particular streamwise loca-
tion is chosen because it corresponds with the largest variations of
Nu/Nuy, with Z/D. In each case, important increases of local Nus-

7.95 selt numbers are evident as the temperature ragdT,, de-
creases These are especially evident to the sides of the dimple at
7.75
4
8.25
32
< =1
8.75 Z
524
pd
9.25 1.6
2100 0.81 25 0 025 a5 075 125
1. -0.75 -0. ) ‘ :
-1.15 -0.21/5D 0.85 2D

Fig. 11 Local Nu /Nug, as dependent upon Z/D, measured at dif-
ferent Re y and T,;/ T, at the eleventh row of dimples along a
line of constant X/D of 8.46. Symbols defined in Fig. 10.

Fig. 9 Local Nu/Nu, distributions measured at Re =12,800
and T,;/T,=0.68. Contour plot scale is given with Fig. 3.
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Fig. 14 Globally averaged Nu/Nu, as dependent upon tem-
Fig. 12 Spanwise-averaged Nu/Nu, as dependent upon X/D, perature ratio T,;/T,, rr_leasured at different Re , at the elev-
measured at different Re , and T,;/T, at the eleventh and  €nth and twelfth rows of dimples

twelfth rows of dimples. Symbols defined in Fig. 10.

constantT; /T,,, NU/N, is proportional to Rg"%23 Such varia-

tions are qualitatively and quantitatively similar to ones measured

downstream of a dimple in Fig. 10 &/D from 8.2 to 9.0. P :
Changes with Reynolds number are much less significant in th b gmqlilﬁ]gtti;l]%fl ]hga;tetrr;r?gcse'rd ggggié?:n?;ﬁ:r:]ep%sgg roaches for

two figures, as expected. In each case, low Nusselt number ratios—= o .
correspond with upstream portions of the dimple cavities, and theNU/ Ny values shown in Fig. 14 increase by about 30 percent
highest ratios are from locations near the rims or near the dow@s the temperature rafi, /T,,, decreases from 0.94 to 0.6nd
stream edges of the dimples. Reynolds number is approximately consjaithis corresponds to

a continual change dfiu/Ny, from 1.8 to about 2.4. Here, base-
line Nusselt numbers Nu(used for normalizationare measured

Z/D from —1.0 to —0.5 and from+0.5 to +1.0 in Fig. 11, and

Spatially Averaged Nusselt Number Behavior. Spatially
averaged Nusselt number data in Figs. 12, 13, and 14 furt

d
; : Toi /Tyw=0.93-0.94.
illustrate the influences of flow structure as the temperature rafio . " ;
T4 /T, and Reynolds number Rare varied. In each case, spa- According to Kays and Crawforfll7], the variable property

. . correction for such internal turbulent flows with wall heating and
tial averages are obtained over a rectangular area from the center

) . —o05 o i
to center of adjacent dimples in the tenth and twelfth rows. This ooth (undimpled surfaces is Tu/Tr) = This gives a de

. . . . Crease of variable-property, baseline jJNof about 14 percent
g:\rge;esgﬁﬂzlcg\gegg%eesir;epresentatlve of one complete per'Od(é)gmpared to constant property valpess Ty /T,,, decreases

Spanwise-averagedt/Nu, versus X/D in Fig. 12, and from 0.94 to 0.68. Ny values determined using the Kays and

streamwise-averagellu/Nu, versusZ/D in Fig. 13 both show Crawfo.rd [1?] varg)le property correction can th.en bg used to
only small changes as Reynolds number increases from 10,200@malize dimpleNu data at the sam@&g;/T,,. With this ap-
61,500 andl; /T,, is approximately constant. In contraBiL/Nu,  proach,Nu/Nu, then ranges from 1.85 to about 2.89Bs/T,,,
values increase significantly at eal#D or Z/D as temperature decreases from 0.94 to 0.68.
ratio decreases from 0.94 to 0.6d Re, is approximately con-  Coolant passage friction factors are also important to designers
stany. Such variations are consistent with local data, and providg turbomachinery components. For Rgom 10,200 to 13,800,
further evidence of the important influences of the vortical fluigatios of dimple surface friction factor to smooth surface friction
packets produced by the dimples. High lodal/Ny, values are factor are 1.51-1.55. Such values, along with heat transfer aug-
thus mostly due to higher local values just downstream of and meentations at the same Reynolds numbers, provide further evi-
the sides of the dimples, whereas trough®inNy, distributions dence of the feasibility of dimpled passages for internal turbine
are generally tied to low local Nusselt numbers within dimplairfoil cooling.
cavities.
The globally averaged Nusselt number data in Fig. 14 are ob- .
tained by averaging local data in both the spanwise and strea ummary and Conclusions
wise directions. Only small changes with Rare apparent. For ~ Experimental results measured on and above a dimpled test
surface placed on one wall of a channel are presented. Channel
heightH is 2.54 cm, and dimple print diamet& is 5.08 cm,
giving H/D=0.5. Flow structural characteristics and surface Nus-
selt numbers are given for Reynolds numberg Rem 1250 to
3 61,500 and temperature ratidg; /T,,, ranging from 0.68 to 0.94.
Flow visualizations show vortical fluid and vortex pairs shed from
the dimples. These include a large upwash region and packets of
fluid emanating from the central regions of each dimple, as well as
vortex pairs and vortical fluid, which form near dimple diagonals.
These help to augment surface heat transfer levels as they peri-
odically impact the test surface and periodically produce an influx
of bulk fluid. This occurs as the vortices and vortical fluid act to
“pump” fluid to and away from the surface over different length
scales, which helps to augment transport of different sized packets
-1 0.5 ° o 0.5 1 of fluid (with different temperaturésto and away from the sur-
face. The periodic nature of the shedding of vortical fluid from the

Fig. 13 Streamwise-averaged Nu/Nu, as dependent upon zD, dimples also aids the heat transfer augmentation process.

measured at different Re , and T,;/T, at the eleventh and The effects of the vortex structures are particularly pronounced
twelfth rows of dimples. Symbols defined in Fig. 10. near the downstream rims of each dimple, both slightly within
122 / Vol. 123, JANUARY 2001 Transactions of the ASME
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each depression, and on the flat surface just downstream of eaclr = kinematic viscosity
dimple. The resulting high local Nusselt number region on the flat p = density
surface is spread over a region that is approximately parallel to tag < rint
. ) pts

downstream edge of each dimple, and along two strips of flat )
surface located near the spanwise edges of downstream-diagona® = ambient value o
adjoining dimples. i time-averaged, test section inlet value

Such augmentations are spread over larger surface areas arfl = time-averaged, local mixed-mean value
become more pronounced as the ratio of inlet stagnation tempera0 = total or stagnation value
ture to local surface temperature decreases. This is due to th& = local wall value
actions of different-sized vortex pairs and secondary flows in edyperscripts
fectively advecting cool fluid from the central parts of the channel =~ ) ¢ ) d
to regions close to the hotter dimpled surface. Downwash regions~ ~ si)a})nle{lse- ors r%ammse-average
from the vortex pair emanating from the central part of each™ — globally average
dimple, from the vortex pairs generated along dimple _diagonapeferences
and from r_otatlng secondary _f'o"‘_’s spread_over the entire chann H] Bearman, P. W., and Harvey J. K., 1976, “Golf Ball Aerodynamics,” Aero-
cross section all make contributions to this process. As a result,” nautical 0., pp. 112-122.
local and spatially averaged heat transfer augmentations beconjgl Gromov, P. R., Zobnin, A. B., Rabinovich, M. I., and Sushchik, M. M., 1986,

larger as thely; /T,,, temperature ratio decreases. “Creation of Solitary Vortices in a Flow Around Shallow Spherical Depres-
sions,” Sov. Tech. Phys. Lettl2 No. 11, pp. 1323-1328.
[3] Afanasyev, V. N., Chudnovsky, Y. P., Leontiev, A. I., and Roganov, P. S.,
1993, “Turbulent Flow Friction and Heat Transfer Characteristics for Spheri-
Acknowledgments cal Cavities on a Flat Plate,” Exp. Therm. Fluid Sd,,pp. 1-8.
h K in thi f f hg‘] Belen’kiy, M. Y., Gotovskiy, M. A., Lekakh, B. M., Fokin, B. S., and Dol-
The wor pres_ented in this paper was performed as a part 0 t gushin, K. S., 1994, “Heat Transfer Augmentation Using Surfaces Formed by
Advanced Turbine System Technology Development Project, a System of Spherical Cavities,” Heat Transfer-Sov. R&§,,No. 2, pp.
sponsored both by the U.S. Department of Energy and Solar Tur- 196-203. ) )
bines. Inc. [5] Bearman, P. W., and Harvey, J. K., 1993, “Control of Circular Cylinder Flow
! by the Use of Dimples,” AIAA J.31, No. 10, pp. 1753-1756.
[6] Kimura, T., and Tsutahara, M., 1991, “Fluid Dynamic Effects of Grooves on
Circular Cylinder Surface,” AIAA J.29, No. 12, pp. 2062—2068.

Nomenclature [7] Kesarev, V. S., and Kozlov, A. P., 1994, “Convective Heat Transfer in Tur-
i . . bulized Flow Past a Hemispherical Cavity,” Heat Transfer-Sov. R&&.No.
D = dimple print diameter 2, pp. 156-160.
DH = channel hydraulic diameter [8] Terekhov, V. I, Kalinina, S. V., and Mshvidobadze, Y. M., 1995, “Flow
H = channel height Structure and Heat Transfer on a Surface With a Unit Hole Depression,” Russ.

J. Eng. Thermophys5, pp. 11-33.

h = heat transfer coefficient based on total surface area [9] zhak, V. D., 1995, “The Taylor—Goertler Vortices and Three-Dimensional

(dimples and flat= q"/(T,~Tp) Flow Evolution in Cavity,” Russ. J. Eng. Thermophys,,pp. 165-176.
k = thermal conductivity [10] Schukin, A. V., Koslov, A. P., and Agachev, R. S., 1995, “Study and Appli-
_ cation of Hemispherical Cavities for Surface Heat Transfer Augmentation,”
Nu = Nussglt numberhDy, /k . . ASME Paper Nop. 95-GT-59. ’
Nup, = baseline Nusselt number in a channel with smooth sur-ry1j chyu, M. K., Yu, V., Ding, H., Downs, J. P., and Soechting, F. O., 1997,
faces and no dimples “Concavity Enhanced Heat Transfer in an Internal Cooling Passage,” ASME
P = pressure Paper No. 97-GT-437.
"o [12] Lin, Y.-L., Shih, T. I.-P., and Chyu, M. K., 1999, “Computations of Flow and
g = surface heat flux — Heat Transfer in a Channel With Rows of Hemispherical Cavities,” ASME
Re&y = Reynolds number based on channel heightU/ v Paper No. 99-GT-263.
t = time [13] Gortyshov, Y. F., Popov, I. A., Amirkhanov, R. D., and Gulitsky, K. E., 1998,

“Studies of Hydrodynamics and Heat Exchange in Channels With Various

* . . .y
" = normalized time=tU/H Types of Intensifiers,” Proc. 11th International Heat Transfer Congfegm.

T = temperature 83-88.

U = streamwise bulk Ve|ocity averaged over the channel [14] Moon, H. K., O’Connell, T., and Glezer, B., 2000, “Channel Height Effect on
cross section Heat Transfer and Friction in a Dimpled Passage,” ASME J. Eng. Gas Tur-

— . . . bines Power122 pp. 307-313.

u= t|me'averaged local streamwise Ve|0C|ty [15] Hedlund, C. R., and Ligrani, P. M., 1999, “Local Swirl Chamber Heat Trans-

X = axial coordinate measured from test section inlet fer and Flow Structure at Different Reynolds Numbers,” ASME J. Turbo-

Y = normal coordinate measured from test section dimple mach.,122, pp. 375-385. o )
horizon [16] Moffat, R. J., 1988, “Describing the Uncertainties in Experimental Results,”

. . . Exp. Therm. Fluid Sci.1, No. 1, pp. 3-17.

Z= spanwise coordinate measured from test section centerr17] kays, W. M., and Crawford, M. E., 1998onvective Heat and Mass Transfer

line McGraw-Hill, New York.
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Flow and Heat Transfer in a
Rotating Square Channel With 45
deg Angled Ribs by Reynolds
Stress Turbulence Model

Numerical predictions of three-dimensional flow and heat transfer are presented for a
rotating square channel with 45 deg angled ribs as tested by Johnson et al. (1994). The
rib height-to-hydraulic diameter ratige/D;,) is 0.1 and the rib pitch-to-height ratio (P/e)

is 10. The cross section of the ribs has rounded edges and corners. The computation
results are compared with the experimental data of Johnson et al. (1994) at a Reynolds
number (Re) of 25,000, inlet coolant-to-wall density ratidbp/p) of 0.13, and three
rotation numbers (Ro) of 0.0, 0.12, and 0.24. A multiblock numerical method has been
employed with a near-wall second-moment turbulence closure model. In the present
method, the convective transport equations for momentum, energy, and turbulence quan-
tities are solved in curvilinear, body-fitted coordinates using the finite-analytic method.
Pressure is computed using a hybrid SIMPLER/PISO approach, which satisfies the con-
tinuity of mass and momentum simultaneously at every time step. The second-moment

solutions show that the secondary flows induced by the angled ribs, rotating buoyancy,
and Coriolis forces produced strong nonisotropic turbulent stresses and heat fluxes that
significantly affected flow fields and surface heat transfer coefficients. The present near-
wall second-moment closure model provided an improved flow and heat transfer predic-
tion. [DOI: 10.1115/1.1333092

ing heat transfer coefficient decreased to 50 percent of the station-
Gas turbine blades in modern gas turbine engines are desigﬁ‘@(j 45 d_eg ribbed Wall m_odel. However, t_h_e heat transfer coeffi-
clents with angled trip strips are less sensitive to buoyancy effects

to operate with high heat Ioapls as thg turbine inlet tgmperatli[_le n the heat transfer in models with either smooth walls or nor-
increases. Sophisticated cooling techniques such as film coolin | trips. They recommended that angled trip stf#5s deg ribs,

and convective internal cooling are essential in maintaining alglther than normal trip stripf90 deg riby, be used in turbine

ceptable blade life. For the internal cooling of the blades, tr{)gde coolant passage design. Since the experiments of Johnson

walls of the coolant passages are roughened by periodic ribse‘t al.[7] are very close to typical turbine blade cooling conditions
enhance heat transfer. These rib turbulators disturb the laminar y yp 9 ’

.gﬁveral researchers have used their data as a baseline for
sublayer and create local wall turbulence due to flow separati arison
and reattachment between the ribs, which greatly enhances ?ﬁnprecent. ears, several researchers have made computational
heat transfer. The flow field in real gas turbine engines is furthe{ di Y ’I i h ls. Prakash and Z p
complicated by the presence of secondary flows arising frop o> On internal cooling channels. Prakash and Zerdg,

. Qf:OVldes et al[11], Bo et al.[12], Stephens et aJ13], Bonhoff
blade rotation. At present, efforts to understand the flow and Ioca} .

S . . et al.[14], and Chen et a[.15] have made predictions on the flow
heat transfer characteristics in rotating cooling passages are ¢
tinuing, especially with angled ribs attached to two opposite wal
of a cooling channel.

Han and Parkl] and Ekkad and Haf?] performed experimen-
tal studies on heat transfer characteristics in nonrotating ri
roughened channels. Bonhoff et B8] and Schabacker et d4]

studied the flow characteristics in nonrotating rib-roughed ch
nels._ Tse and .StGUbéBl] investigated ﬂﬁw cf}a:ja(;ltgsrgtlcs N aTyrbulence was accounted for byka e turbulence model. They
_rotaﬂgg\]/sar/pentlne COIO gnthﬁssage bk 7ang ed( eg %S' made comparisons with the detailed heat transfer distribution data
Ing - Wagner et al[6], Johnson et a[7], Parsons et a[8], of Ekkad and Ha2]. Stephens et a]18], using a low-Reynolds-

and Zhang et a[9] studied the surface heat transfer coefficient i'ﬂumberk—e turbulence model, investigated flow and heat transfer

a rotating, multi-pass square channel with normal and angled ”%ﬁ'aracteristics in a straight nonrotating duct with inclined,

Johnson et a[7] made the most systematic investigation of th ounded ribs on two opposite walls and provided important char-
e.ﬁeCtS.Of.bquancy and Coriolis forces on heat t_rans_fer COCMtteristics on the inclined rib ducts. Chen et [@9] and Jang
C'er;]t dfllstrlkzutlogs of tf)c;ur-ﬁass squ?rg c(:jhe;]nnelr']s with trips anglg al.[20] studied flow and heat transfer behavior in a nonrotating
to the flow (45 deg ribg. They concluded that the maximum ro-,,, o h | with ; tivel
tating heat transfer coefficient increased 30-40 percent compal Wo-pass square channel with 90 and 60 deg ribs, respectively.

. : ) o y used two turbulence models: a two-lakere isotropic eddy
to stationary 45 deg ribbed wall values, while the minimum rOtaQ/“lscosity model and a near-wall second-moment closure model.

\%{ comparing the detailed heat transfer data of Ekkad and[Bllan
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, G ! h their own, they validated the code .Capablllty and Condu.de.d
many, May 8—11, 2000. Manuscript received by the International Gas Turbine Indf?at the second-moment closure model is necessary for predicting
tute February 2000. Paper No. 2000-GT-229. Review Chair: D. Ballal. flow and heat transfer characteristics in the ribbed duct.

Introduction

Nd heat transfer behavior of rotating channels with smooth walls.

tephens et al[16], using a low-Reynolds-numbéd—e turbu-
lence model, investigated three-dimensional flow and heat transfer
E(]Sa nonrotating rectangular du@ne passwhere one wall was

ughened with five equally spaced 90 deg square ribs. Rigby
et al.[17] presented the numerical simulations for flow and heat
Aftansfer in a nonrotating straight duct with nornf@0 deg ribs.

Contributed by the International Gas Turbine Institute and presented at the 4
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Prakash and Zerklg21], employing a high-Reynolds-numberwere described in detail by Chen et BL5] and will not be re-
k—e turbulence model with wall function approximation, made @eated here. For completeness, the numerical method will be
numerical prediction of flow and heat transfer in a ribbed rectabwiefly summarized in the following section.
gular duct(90 deg rih with and without rotation. However, their
calculations used periodicity and neglected buoyancy effects.

They suggested that a low-Reynolds-number model is necess@fyimera and RANS Method

to simulate real gas turbine engine conditions and a Reynolds, the present study, the chimera RANS method of Chen
stre.ss.njodel is required to c.apture anisotropic effects. Using ‘E?/,Ziﬂ and Chen et al[15] was used for calculating the fluid
periodicity of the flow, lacovide$22] computed flow and tem- fio\, and heat transfer in stationary and rotating ribbed channels.
perature fields in a rotating straight duct with normal ribs. TWqhe present method solves the mean flow and turbulence quanti-
zonal models of turbulence were tested:kae with a one- tjes in an arbitrary combination of embedded, overlapped, or
equation model ok transport across the near-wall region and ghatched grids using a chimera domain decomposition approach.
low-Re differential stress modéDSM). He concluded that the |n this approach, the solution domain is first decomposed into a
DSM thermal computations were clearly superior to those of thfimber of smaller blocks, which facilitate an efficient adaptation
k—e/one-equation. Righ}23] presented the numerical predictionof different block geometries, flow solvers, and boundary condi-
of flow and heat transfer in a rotating ribbé2D deg ri) coolant  tjons for calculations involving complex configurations and flow
passage with a 180 deg turn. The computation was performegshditions. The finite-analytic numerical method of Chen and
using ak—e turbulence model, and the heat transfer coefficie@hen[29] and Chen et al[30] was used within each computa-
was overpredicted for the stationary case and underpredicted fiohal block to solve the unsteady RANS equations on a general
the rotating case compared to experimental data. lacovides andlvilinear, body-fitted coordinate system. The coupling between
Raisee[24] explored turbulence modeling issues related to thiae pressure and velocity is accomplished using a hybrid
computation of flow and heat transfer in internal cooling passag8#VIPLER/PISO algorithm given in Chen and Pd&l1] and Chen
of turbine blades with normal rib§90 deg. They tested four and Korpus[32]. The method satisfies continuity of mass by re-
turbulence models: a zonkl-¢, a low-Rek—¢, a zonal differen- quiring the contravariant velocities to have a vanishing divergence
tial stress mode(DSM), and a low-Re DSM. They found that at each time step. Pressure is solved using the concept of pseudo-
zonal models underpredicted surface heat transfer coefficients welocities and, when combined with the finite-analytic discretiza-
cause they ignored the effects of transport on the near-wall turldion, gives the Poisson equation for pressure. To ensure the proper
lence scale. The low-Re closures were found to reproduce ttenservation of mass and momentum between the linking grid
correct surface heat transfer coefficients. In their results, théocks, the grid-interface conservation techniques of Hubbard and
low-Re DSM model reproduced the turbulence field more reasoGhen[33] and Chen and Chef29] were used to eliminate the
ably than thek—e model. Bonhoff et al[14] calculated the heat unphysical mass source resulting from the interpolation errors be-
transfer coefficients and flow fields for rotatitlyshaped coolant tween the chimera grid blocks. More detailed descriptions of the
channels with angled ribg}5 deg, which is the same geometry chimera RANS method were given in Chen and Ch29] and
tested by Johnson et dl7]. They used a Reynolds stress turbuChen and Liu34].
lence model with wall functions in the FLUENT CFD code. Their
results show that the Nusselt number ratios for the stationary case
were close to the data of Johnson et[#@]. However, the Nusselt Results and Discussion
number ratios for the rotation case were off from the experimental -5 culations were performed for the one-pass rotating square
data. Stephens and SHiB5] and Shih et al[26] performed an channel with 45 deg angled ribbed wall as tested by Johnson et al.
investigation of the effect of angled ribs on the heat transfer cp7| Figure 1 shows the schematic diagram and an enlarged view
efficients in a rotating two-passage duct using a low-Re numbgf'the numerical grids around the ribs. Two of the four side walls
k—e turbulence model. They studied the effects of Reynolds nury the rotation direction are denoted as the leading and trailing
bers, rotation numbers, and buoyancy parameters. In comparigggfaces, respectively. The other two side walls are denoted as the
with the data of Johnson et 4l7] data, the heat transfer coeffi-inner and outer surfaces. The leading surface is roughened with 13
cient was underpredicted for the stationary case. However, t8gually spaced ribs of rounded cross section, and the trailing sur-
results for the rotating case were not clearly verified. face with twelve equally spaced ribs of rounded cross section. The
To date, extensive numerical studies of flow and heat transferis on these two walls were staggered relative to each other, with
a rotating duct with ribs have not been possible for several regys on the leading surface offset upstream from those on the
sons. One reason is associated with turbulence models. As ingkiling surface by a half pitcliP). All ribs were inclined at an
cated in lacovides and Raisg@4], the wall function approach is angle (@) of 45 deg with respect to the flow. The length of the
inappropriate when there are flow separations. Moreover, thfct was 17.5,, and the radius from the axis of rotation was 42
simple isotropic eddy viscosity model cannot capture the physiy, . The length from the inlet to the first ritL.¢) was 1.6D,, and
cally reasonable flow and heat transfer behavior induced by thfe length from the last rib to the exit§) was 2.®,,. The rib
anisotropic characteristic of turbulent flow around the ribs. Howeight-to-hydraulic diameter ratioe(D,,) was 0.1 and the rib
ever, recent computational work by Chen et[ab] for a rotating pitch-to-height ratio/P/e) was 10.
two-pass duct with smooth walls, and Chen et{&B] and Jang  In this study, the Reynolds numbé&Re) was fixed at 25,000,
et al.[20] for the stationary two-pass ribbed ducts in our laborawhich is a typical operating condition for medium-sized gas tur-
tory, have demonstrated the superiority of the second-momajites. The rotation numbéRo) was varied from 0 to 0.24 and the
closure model over simpleék—e isotropic eddy viscosity models coolant-to-wall density ratiafp/p) was fixed at 0.13.
using the finite analytic method. Encouraged by this successfulThe present calculations used a fully developed turbulent
result, the model and method have been applied to predict fligundary layer profile at the inlet of the duct. Since the fully
and heat transfer in a rotating duct with 45 deg angled ribs. Thigveloped profiles for mean flow and turbulence quantities are not
paper presents the flow characteristics and heat transfer resultgriown analytically, a separate calculation was performed for a
a rotating square duct with 45 deg angled ribs of a rounded crassgaight duct to provide the inlet conditions at the duct entrance.
section. The geometry represents the first passage of the four-pase flow was assumed to be parabolic at the exit of the duct with
serpentine passage that was experimentally investigated awro-gradient boundary conditions for mean velocity and all tur-
Johnson et al.7]. bulence quantities, while linear extrapolation was used for the
The computation was performed by a near-wall second-momearessure field. All walls, including the rib surfaces, are heated to a
turbulence closure model. The governing equations for this modminstant temperature. The coolant fluid at the entrance of the duct
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Inner surface and turbulence quantities were monitored for each computational
block to ensure complete convergence of the numerical solutions.
A convergence criterion of I¢ was used for the maximum rms

Trailing surface

Rr/ Dy = 42 Outer surface . ;
error in all computational blocks.
L/Dy =175 A grid-refinement study was performed using four different
grid distributions. In the first test, three grid system21x570,
L1/Dy = 1.62 41x41x570, and 6X61x570 (570 in the streamwise direction

Section E and 21, 41, and 61 in each of the two cross-stream diregtions
L2/D, =26 were evaluated. The maximum improvement in the spanwise-
b averaged Nusselt number ratio was about 40 percent when the
Section D numerical grid was refined from X121x570 to 41x41x570.
(Z/Dy=13.26) However, further grid refinement to &61x570 produced only a
4 percent improvement in the predicted spanwise averaged Nus-
selt number ratio. In the second test, two grid systems of 41l
X285 and 4X41x570 were examined to determine the grid reso-
lution in the axial direction. The Nusselt number ratio improved
Section C (z/Dy=7.76) by 5 percent with the 4%¥41Xx570 grid when compared to the
41X41x285 grid. As indicated in Stephens et [dl8], the Nusselt
number is more sensitive to the grid spacing in the cross-stream
direction than in the streamwise direction. This investigation con-
cluded that the 4%41X570 grid system was nearly grid indepen-
dent. All the results in the following discussion were based on the
41x41x570 grid distribution. The grid was divided into five
computational blocks with a total grid point count of approxi-
mately 1,000,000.

e/D, = 041

P/e

Velocity and Temperature Fields. This section presents
three-dimensional mean flow and temperature fields for the rotat-
ing square duct with 45 deg angle ribs. Computations were per-
formed for three rotation numbers of 0.0, 0.12, and 0.24, at a
Reynolds number of 25,000 and an inlet coolant-to-wall density
ratio of 0.13.

(@) Figure 2 shows the calculated secondary flow vectors and con-
stant temperature contours at five axial stati@hs first and fifth
planes are normal while the second through the fourth are in-
clined) as defined in Fig. 1 for the nonrotating case. Each figure is
viewed from upstream. Before the flow reached the first(Filgy.
- Innersurface  2(a)), four corner vortices were generated as a result of the Rey-
nolds stress anisotropy in the straight duct. The magnitude of
those vortices, which is less than OMJ, cannot be seen clearly
in this figure. Figures ®—d) show the secondary flow field in-
duced by staggered angled ribs of the rounded cross section. It can
be seen that the staggered angled ribs produced a pair of asym-
metric counterrotating secondary flows in the inclined cross-

Flow direction 111

Rib 9

R stream plane. These figures also show that the angled ribs induced
Leading surface the fast flow near the leading and trailing surfaces between the
(b) ribs, which impinged on the outer surface and then returned along
the centerline of the inclined cross-stream plane. This secondary
Fig. 1 Geometry and numerical grid flow structure convected the cooler fluid from the core toward the

inner surface and then moved back along the ribbed surface. This
led to steep temperature gradients and high heat transfer coeffi-
) ) i cients on both the inner and ribbed surfaces. It is important to note
was air at a uniform temperaturg, (i.e., 6=(T—To)/ (Ty that the secondary flows became stronger as the fluid moved
—T)=0), and the wall temperature, including the ribs, was kepfownstream along the staggered angled ribbed ducts. The magni-
constant af=T,, (6=1). _ _ tude of the secondary flow velocity in the middle of the inclined
The Nusselt numbers were normalized with a smooth tube c@fpss-stream plane at section (Big. 2b)) was 0.13V, and at
relation (Kays and Crawford35]) for fully developed, nonrotat- section D(Fig. 2(d)) it doubled to 0.28V, . Figure 3 shows the
ing, turbulent flow: cross-stream velocity vectors and temperature contours for rota-
Nu,=0.0176 R&® tion number Ro= 0.12 and inlet coolant-to-wall _density ratip,
Aplp=0.13 at the same planes as the nonrotating case. Figure
The present numerical grid was generated using the interact(@) (before the ribsshows a secondary flow pattern that is simi-
gridding code GRIDGEN developed by Steinbrenner ef3]. It |ar to the one in the smooth wall rotating du€hen et al[15]).
was then reblocked into several interlocked computational blockgat is, the Coriolis forces produced two counterrotating flows
to facilitate the implementation of near-wall turbulence modek#at pushed the cooler fluid from the core toward the trailing sur-
and specification of boundary conditions. To provide adequatgce and then returned along the inner and outer surfaces. How-
resolutions of the viscous sublayer and buffer layer adjacent taeger, its magnitude was small when compared to the rib-induced
solid surface, the minimum grid spacing in the near-wall regioffow. The Coriolis force started to distort the secondary flow set
was maintained ab,x 10™%, which corresponds to a wall coor-up by the angled ribs in section @ig. 3(b)). In sections C and D
dinatey™ of the order of 0.1. In all calculations, the root-mean¢Figs. 3c) and (d)), the Coriolis force effect can be clearly seen
squargirms) and maximum absolute errors for both the mean flowwhen compared with Figs.(® and 2d). A vortex near the lead-
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Fig. 2 Dimensionless temperature  (6) and secondary flows for Fig. 3 Dimensionless temperature  (6) and secondary flows for
ribbed nonrotating duct ribbed rotating duct (Ro=0.12)

nth ribs near the leading surface. Unlike the prediction of Ste-
ns et al[18], that there was no separation around the ribs, Fig.
hows that the rib-induced separatidnsrtice9 were generated
wnstream of each rib and next to the inner surféa, rib
gading corner, then pushed away diagonally between the angled
ribs and then damped out by the spiral-like streamwise fiowt

. ; WNELRown. Figure Ga) shows the streamwise velocity vector distri-
it was expected that the temperature gradients would be high. p, i for nonrotation, which presents only half of the section of
_ For a higher rotation numbéR0=0.24), the effect of the Co- 0 1 ane hetween the leading and trailing surfaces, because of the
riolis force on the flow field was severe, as shown in Fig. 4. Figuge, symmetry, at three locations: in the middle of the rib, near
4(a) (before the ribsshows that the two Coriolis-induced, coun-, he inner surfe(cé0.0liDh from the inner surfade and near ’the

terro_tating_cross-stream flows became stronger due to the hig Bfer surfacd0.018,, from the outer surfade This figure helps
rotation. Figure 4b) shows that the secondary flow and temper. show the three-dimensional flow characteristics of this configura-

&n. Flow separation was present near the inner surface but not at
the middle of the ribs or near the outer surface. Figut® shows

ing surface generated by the angled ribs was weakened by
Coriolis force and became smalléFig. 3(c)), while the vortex Es
near the trailing surface generated by the angled ribs was strenthB
ened. This vortex combined with the Coriolis-induced vortex an
became largefFig. 3(c)). In this rotating case, the cooler fluid

tion number Re-0.12. However, Fig. &) shows the secondary

the trailing surface. Two counterrotating vortices caused by tfeﬁ

Coriolis f d farther d f this d e leading surface due to the centrifugal buoyancy force, which
oriolis force reappeared farther downstream of this duct, §g,4e to slow down the lighter fluitbwer density fluid near the

shown in Fig. 4d). Figure 4¢) clearly shows two counterrotating o5 ging surface. It is also observed that high-momentum cooler
vortices caused by the Coriolis force, and also shows that the fl

on the leading surface was disturbed by the reversed flow in t‘ﬂ‘gld was pushed toward the trailing surface by the Coriolis force.
streamwise direction which was caused by the centrifugal buoy-Surface Heat Transfer. Figures Ta) and 7b) present en-
ancy force. larged views of the detailed Nusselt number ratio distributions on
In order to facilitate a more detailed understanding of the threal four walls for the stationary case around the ninth and tenth
dimensional flow field for the nonrotating case, Fig. 5 shows thés. The highest heat transfer coefficients took place on the front
three-dimensional particle traces around the ninth, tenth, and elef-the rib due to flow impingement, while the heat transfer was
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Fig. 4 Dimensionless temperature (6) and secondary flows for
ribbed rotating duct (Ro=0.24)

low on the back of the rib where the flow tried to separate. T
leading and trailing surfaces have similar heat transfer patterns
the regions between the ribs, the heat transfer was high next to
inner surface because flow reattachment took place, creating .\ y
thinner thermal boundary layer. Due to the rib-induced secondg ~— Rib9
flow characteristics of this configuration, the heat transfer d
creased diagonally downstream of the rib leading edge to u (b)
stream of the next rib trailing edge. Another high heat transfer

spot is seen on the outer surface next to both the leading aag 6 streamwise velocity vector distribution for ribbed duct

Leading surface J/‘\/
———  Rib10

B

Streamline ¢ trailing surfaces and is caused by the impingement of the second-
Vortex A ch‘o,. ary flow (Fig. 7(a)). The present calculations created higher heat
P‘\\? P /?9@ transfer on the inner surface than the outer surface due to the
1=\\e} A0 /’%’\—\ (2 secondary flow, which pushed cooler fluids from the core regions
P{\bg»w 4 5 \ / ‘90@ toward the inner surface where the temperature gradient was
g higher compared to the outer surfasee also Fig. 2

o
90 Detailed Nusselt number ratios are shown in the same location

ﬁ as the nonrotating case for a higher rotation numiia=0.24,
»  Ap/p=0.13 (Figs. 7c, d)). On the leading surfadé-ig. 7(c)), the
high heat transfer next to the inner surface cannot be seen in this

/P ¢ 5 rotating flow because the Coriolis force caused the core fluid to be

F\O\N < o pushed toward the trailing surface, and the Coriolis-induced vor-

s tex prevented flow reattachment on the leading surface, which

(Ro=0.0) . Outer surface usually caused a high heat transfer coefficient. The high heat

transfer location(Fig. 7(c)) on the outer surface and next to the

Fig. 5 Three-dimensional particle trace around ribs for nonro- trailing surface was caused by the secondary flow impingement,

tating duct which was higher than the nonrotating case. The surface heat
128 / Vol. 123, JANUARY 2001 Transactions of the ASME
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Fig. 8 Detailed Nusselt number ratio distribution

transfer on the trailing surfacérig. 7(d)) looks similar to the
nonrotating case; However, the heat transfer level was higher than
the nonrotating case due to the stronger vortex caused by the
Coriolis force. The heat transfer patterns on both the inner and
outer surfaces were reversed, as compared to the nonrotating case.
In other words, the heat transfer on the inner surface was less than
that of the outer surface.

Figure 8a) shows the Nusselt number ratio contour plots on
both the leading and trailing surfaces for the nonrotating case. The
entrance and exit regions were cut off so that the rib regions could
be seen more clearly. The Nusselt numbers between the ribs in-
creased along the duct until the flow approached the ninth rib and
then decreased after the eleventh rib. This was because the heat
transfer in this region was strongly affected by the secondary
flows, which became stronger as the flow moved downstream.
This feature was a unique characteristic for the angled rib arrange-
ment, which was not found in the normal rib case. Another feature
was that in every section between the ribs, the Nusselt number
ratios were higher next to the inner surface and then decreased to
the outer surface, which was consistent with the experimental data
(Ekkad and Harj2]). This was because of the flow reattachment
next to the inner surface. The flow started to redevelop in this
location and caused the thermal boundary layer to become thinner.
Figures &b, d) show the Nusselt number ratio contours on both
the leading and trailing surfaces at a rotation number of 0.12 and
inlet density ratio of 0.13. On the leading surfa&gg. 8b)), the
Nusselt number ratios decreased from the first rib to the last rib
due to the Coriolis force, which pushed the cooler fluid from the
leading surface toward the trailing surface. The Nusselt number
ratios on the trailing surfacé-ig. 8(d)) increased from the first rib
and reached a maximum between the seventh and ninth ribs and
decreased after that. Figure&,®) show the Nu/Ny contours on
the leading and trailing surfaces at a rotation number of 0.24 and
inlet density ratio of 0.13. In general, the higher rotation number
induced stronger Coriolis and centrifugal buoyancy forces. As ex-
pected, the Coriolis forces further pushed the cooler fluid toward
the trailing surface, where the heat transfer became higher as seen
compared with the low rotation numbé&Ro=0.12. On the lead-
ing surface, the heat transfer decreased further due to the presence
of hotter fluid.

JANUARY 2001, Vol. 123 / 129
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‘Spanwise-Averaged and Regional-Averaged Heat Transfer gpikes. The higher ones were caused by the flow impingement on
Distribution.  Comparisons were made with the experimentahe rips and the smaller ones were caused by the flow reattach-
data of Johnson et dI7] in order to provide a thorough evaluationment between the ribs. The smaller Nusselt number ratios were
of the present second-moment closure model. Figures 9—-11 shgy just upstream and downstream of the ribs and higher in the
the spanwise-averaged and regional-averaged Nusselt numbegdgions between the ribs. Unlike the normal rib case, the Nusselt
tios (Nu/Nup) for each of the three rotation numbei®0=0.0, nymber ratios increased until about the ninth rib. This phenom-
0.12, and 0.2% The Reynolds number, inlet density ratio, and th@non was caused by the rib-induced secondary flow, which be-
radius from the axis of rotation were held constant at the values &f e stronger along the duct, as mentioned by Han and[Phrk
25,000, 0.13, and 42, respectively. Note that the heat transfer §¢rere was no spike on the inner and outer surfaces and the inner
efficients in Johnson et 7] were based on the projected aregyrface had a higher heat transfer coefficient than the outer sur-
rather than the true heat transfer surface area due to the trip ggse. Figure 1GR0o=0.12,Ap/p=0.13 shows that the heat trans-
ometry. The true heat transfer area for the test surfaces with i} coefficients decreased approximately 30 percent on the leading
strips was 1.15 times the projected area. Therefore, the presgifface, as compared to the stationary case. The decrease in heat
regionally averaged Nusselt number ratios should be multiplied Bnsfer coefficients was due to the Coriolis force. The heat trans-
1.15 to compare reasonably with the data of Johnson ¢7&l. fer on the trailing surface increased approximately 17 percent as
except for the first point on the leading and trailing surfaces aRgympared to the stationary case. The heat transfer coefficients
every point on the inner and outer surfaces where there were fi:reased slightly on the inner surface, but increased slightly on
ribs. In Fig. 9(Ro=0.0), the spanwise-averaged Nusselt numbgpe outer surfacédata points for both the inner and outer surfaces
distributions on the leading and trailing surfaces show the periodig,m johnson et al7]in Fig. 10 were not availabje Figure 11

shows that for a higher rotation numb@o0=0.24,Ap/p=0.13),
the heat transfer coefficients on the leading surface decreased ap-

7 Londing surface | & oamermmera) 7 proximately 40 percent, and on the trgiling surface increased by
6F S Repmmameris 6 35 percent when compared to the stationary case. The heat trans-
5k (Ho:os_';‘;i",:’,"f’,;,w, 5 fer on both inner and outer surfaces is found to be fairly insensi-
94 94 tive to the rotation number. The overall predicted Nusselt number
< < behavior was relatively close to the data of Johnson ef7d).
23 23 except on the leading surface of rotating channel case.
2 2 For completeness, the numerical results by Bonhoff eftlal]
1 1E Trailing surtace were also plotted on the same figure. They presented regional-
N ST b, o0z 00D averaged Nusselt numbers only for the case ofR® and 0.24.
02 46 8 0f2A4de s 02 46 B 10121416 18 Thys, we could not compare our data with their data for the case
7 7 of Ro=0.12. Note that they did not mention whether they in-
gL Mmnersurtace of Outer surtaca pludeq the rib increasgd aréiee., 1.15 times the smqoth surface
(Ro=0.12, 4p/p=0.1%) (Ro=012, 4p/p=0.13) in their data calculations. For the stationary c#&Bey. 9), the
St St Bonhoff et al.[14] data on the leading and trailing ribbed surfaces
S4F S4t and inner surface were slightly lower than ours but higher on the
33 ER outer surface. For the rotating ca$eg. 11, Ro=0.24), their data
ZW ZW on the leading ribbed surface and inner and outer surfaces were
3 g ‘ N about the same, but their trailing ribbed surface heat transfers
i3 't were lower.
03468 16 12 14 16 18 Op 246810 12 1416 1s
s S0 Conclusions
Fig. 10 Calculated and measured Nusselt number ratio: Re A multi-block RANS method was employed to calculate of
=25,000, Ro=0.12, Ap/p=0.13 dimensional flow and heat transfer in a rotating square channel
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Lateral-Flow Effect on Endwall

Heat Transfer and Pressure Drop

in a Pin-Fin Trapezoidal Duct of
senn-siang Hwang § \farjous Pin Shapes

Professor,
Mem. ASME
e-mail: jjhwang@chu.edu.tw The effects of lateral-flow ejectiqf®< e<1.0), pin shapes (square, diamond, and circu-
. lar), and flow Reynolds number (608®e<40,000) on the endwall heat transfer and
Chau-Chmg Lu pressure drop for turbulent flow through a pin-fin trapezoidal duct are studied experi-
mentally. A staggered pin array of five rows and five columns is inserted in the trapezoi-
Department of Mechanical Engineering, dal duct, with the same spacings between the pins in the streamwise and spanwise direc-
Chung-Hua University, tions: §/d=S,/d=2.5. Three different-shaped pins of length from<2l&l <4.6 span
Hsinchu, Taiwan 300 the distance between two endwalls of the trapezoidal duct. Results reveal that the pin-fin
trapezoidal duct with lateral-flow rate o€ =0.3-0.4 has a local minimum endwall-
averaged Nusselt number and Euler number for all pin shapes investigated. The trapezoi-
dal duct of lateral outlet flow onlye=1.0) has the highest endwall heat transfer and
pressure drop. Moreover, the square pin results in a better heat transfer enhancement
than the diamond pin, and subsequently than the circular pin. Finally, taking account of
the lateral-flow rate and the flow Reynolds number, the work develops correlations of the
endwall-averaged heat transfer with three different pin shapes.
[DOI: 10.1115/1.1333093
Introduction (1/d<2), the array-averaged heat transfer was not affected by the

The desire for increased gas turbine reliability and eﬁicien(&irt]hlzzgfgérggéle/?nidz’ the heat transfer increased significantly

has spurred research in all areas of turbine blade cooling. AS\jet;ger et al[4] studied experimentally the local heat transfer
shown in Fig. 1, various blade cooling methods have been dev_%'riation in rectangular ducts with staggered pin array 3ord

oped over the years, for example, convection augmented by rib4 5 and 2.5, and H/=1.0. Results showed that heat transfer
turbulators in the leading and midchord regions and by pin fins f@icreased in the first few rows, reached a peak value, and then
the trailing edge. This study focuses on the internal cooling chaslowly decreased to a fully developed value. Metzger ef5.

nels at the trailing edge of a turbine blade. Aerodynamic consitlirther studied the effects of using flattened pins and of varying
erations demand a small wedge angle for the blade profile atide orientation of the pin fin array with respect to the main flow
thus, the narrow channels in the trailing-edge region should Bigection on the heat transfer and pressure drops in pin fin chan-
trapezoidal in cross section. Pin fins spanning the suction aR@lS- They observed that, by varying the orientation of the pin-fin
pressure surfaces are used not only to promote turbulence to 8fay: it was possible to increase the heat transfer and, at the same

hance internal heat transfer, but also serve as a means to brilg¥: reéj“(?e the pressctjjr(; drr(])p. They falsol_fO#?dt;[hag th%lusehm
the narrow cavity for the structure purpose. In common coolin ltened pins increased the heat transfer slightly but doubled the

. . . essure loss.
designs, the coolant from the blade bases either exits through au et al.[6] further measured the overall heat transfer and

blade-tip _slot_s or fraverses the trapezoidal-shaped pin-fin ch_anﬂ tion factor in rectangular pin fin channels with lateral ejection.
and.the.n is ejected from the slot§ along the edge .Of the afidfpil It was shown that the overall heat transfer for a rectangular pin fin
Pin fin heat transfer has received much attention by many ighannel with lateral ejection holes was lower than that for rectan-
vestigators for several decades. Relevant studies by several grog@dr channel with no ejection holes.
are briefly surveyed below. Chyu[7] used a mass transfer sublimating system to evaluate
Van Fosserj2] measured the overall heat transfer coefficientsie effects of fillets at the cylinder-endwall junction and array
in rectangular ducts with staggered arrays of short pin S geometry on the endwall heat transfer in rectangular ducts. Then,
<l/d<2.0). All arrays had four rows of pins in the streamwiséChyu et al.[8] examined the pin-shape effect on the heat/mass
direction. Heat transfer rates were averaged over the four-rdv@nsfer characteristics in a narrow rectangular channel. The stag-

array. It was found that the overall heat transfer coefficients f@€red cube array was recommended since it produced a significant
short pins were lower than those for long pin fingd=8.0). heat transfer enhancement and a moderate pressure penalty. Chyu

Then, Brigham and Van Fossg8] investigated the effects of row et al.[9] further conducted experiments to compare the contribu-
number of pin in streamwise direction and pin lengisighy on tion of heat transfer enhancement by the endwall and that by the

) ins in a pin-fin rectangular duct. Results revealed that the pin has
array-averaged heat transfer. The results showed that the @g\éut 10-20 percent higher heat transfer than the endwall. How-

humber of the pin he}s a slight eff_ect on the _ar_ray-averaged h%%r, such a difference in heat transfer coefficient imposed very
transfer. When the pin length-to-diameter ratio is lower than t

W|ﬂsignificant influence on the overall array-averaged heat transfer

since the wetted area of the uncovered endwalls was much greater
Contributed by the International Gas Turbine Institute and presented at the 4§th that of the pins

International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger- . .
many, May 8-11, 2000. Manuscript received by the International Gas Turbine Insti- All of the aforementioned studies are for flow through rectan-

tute February 2000. Paper No. 2000-GT-232. Review Chair: D. Ballal. gular channels with a uniform pin length. Recently, Hwang et al.
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Fig. 2 Sketch of the experimental apparatus
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Fig. 1 Typical modern internally cooled turbine blade and the . . . . ) )
modeled pin-fin trapezoidal duct provide a fairly uniform flow with turbulence intensity less than 1

percent in the plenum entrance. The uniformity of the flow and
turbulence level were checked by hot-wire measuremidrifs

[1] extended the rectangular-duct works to a more realistic geom-Test Model. As shown in Fig. 3, the trapezoidal-shaped test
etry of the trapezoidal pin-fin-cooling cavity in a typical turbinesection and the pins are made of Plexiglas®. The bottom endwall
blade. The log-mean heat transfer and overall pressure drop igfaa square area of 120 mxi20 mm(L by W) is sprayed with
pin-fin trapezoidal duct are measured. Results revealed that figgiid crystals, representing the heat transfer active surface.
trapezoidal pin-fin duct with lateral outlet flow only has highemwenty-three pins span the distance between two principal duct
log-mean Nusselt numbers and pressure-drop coefficient than ¥igls. The characteristic dimension of the pin, i.e., diameter of the
straight counterpart. However, the local heat transfer charactei@gcular pin and the side length of the squddéamond pin, is

tics, which are highly desired in the turbine-blade cooling desigfixed atd=9 mm. All pins are screwed in place from the bottom
were not determined. This study is a continuation of the previowsidwall, and thus stand vertically on the endwall. They have dif-
work to measure the detailed heat transfer coefficient on the engrent lengths fromi/d=2.5 to 4.6 depending on the location
wall of a trapezoidal duct with lateral ejection. Several issues thgfthin the trapezoidal duct. The pin spacings along the longitude
have not been studied are discussed in the present paper. Firstan@ transverse directions are the same, Be=S,=22.5 mm.
examine the pin-shape effect on the local heat transfer charactgfie heights of the duct entranckl{) and straight exit i,) are
istics in the trapezoidal duct with lateral ejection. It is known tha40.0 mm and 18.0 mm, respectively, forming a wedge angle of
the square pin can provide a higher heat transfer than the circu@out 10.4 deg. As shown in Fig. 2, two thermocouple rakash

pin in a rectangular duct of a straight outlet fi¢®]. It is very ith five beads are located at the test-section entrance and exit
interesting to know whether such a trend is true in a trapezoidakraight or latera| respectively, to measure the mainstream tem-
duct with lateral ejection. Then, we study the combined effects gkratures. A real-time hybrid recordéYokogawa, AR 1100A

the pin shape and lateral-flow rate on the overall pressure dropséords the time-dependent mainstream temperatures. In addition,
a pin-fin trapezoidal duct. Finally, we developed the empiricline pressure taps are installed at the entrance and two exits of the
correlations for heat transfer in a pin-fin trapezoidal duct by cofest sectior(each with three tapdor the static-pressure measure-
sidering the effects of the lateral-flow rate and the flow Reyn0|dﬁen’[. They are connected to a transmittdodus to display the
number for three different pin shapes. pressure-drop signals.

To resolve the highly localized heat transfer distributions men- The image-processing system includes a digital color cam-
tioned above, a transient liquid-crystal technigié] is employed corder(Sony DCR-TRV7, a frame grabber card, and a Pentium II
to measure the local heat transfer on the endwall surfaces. Thigrsonal computer. The camcorder is focused on the liquid-
coatings are sprayed directly on the endwall of the pin-fin ducrystal-coated surfaces to view and record their color change dur-
and observed during a transient test with an automated computgj the transient test. The frame grabber interface is programmed

vision and data acqgisition system. Th_e detailed distributions fganawze the color change using image-processing software. The
heat transfer coefficient that are provided by the present work

could afford a better understanding of the endwall heat transfer
enhancement by variously shaped pin fins in a trapezoidal duct

with lateral-flow ejection. They could also provide a reference . PENTIUM Il COMPUTER
computational-fluid-dynamic-based studies relating to the pin-fi ERDN AL CORTED WITH wogyy O FRAME GRABBER
duct heat transfer. 225 [:]
Cinali

. 1] 17

Experimental Apparatus 23 — l = - L
Sy
Flow Loop. Figure 2 shows the schematic layout of the ex | | " | | . [ | " 120 ~

perimental apparatus. A 15-hp centrifugal blower sucks air fro e R //W
the laboratory room into the flow circuit. Before entering the tes " —-5— n COLOR DIGITAL
section, the air is first ducted into an electric heatertobe heatec *| g ™ g ™ SNy TRYT)
a required temperature, subsequently traverses a noise-reduc 1
chamber, and an entrance plenum. Finally, the air exits from t ‘ X }
straight and/or lateral outlets. A flow meter associated with ® b BINTINS
valve situated at each outlet controls and measures the volu TOP VIEW FRONT VIEW

flow rate of the air. Note that the arrangement of the noise-
reduction chamber associated with a nozzle-like contraction cBig. 3 Dimensions and coordinate system of the test section
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software analyzes the picture frame-by-frame and simultaneousliye history is simulated as a series of time step changes. Then, the
records the time lapse as the liquid crystals change from colorlésae step changes of the mainstream temperature are included in
to green during the transient test. the solution for the heat transfer coefficient using Duhamel’'s su-

perposition theorem. The solution for the heat transfer coefficient

‘at every location is therefore represented as

hya(t— 7

thickness on the order less than Ath. The response time of the K2 (TJ) ]
liquid crystals should be only a few milliseconfis2], which is
much more rapid than the wall temperature transient. The cam- X[AT i - 1)] 3)
corder is set up and focused on the endwall surface. Each test run M1 -1
is thermal transient, initiated by suddenly exposing the hot air where AT ;1) and t; are the temperature and time step
the test section, which results in a color change of the surfagganges obtained from the recorder output.
coatings. The calibration of color to temperature is carried out on
a copper rod coated with liquid crystdl3]. The liquid crystals transfer coefficient on the endwall of the trapezoidal duct is rep-
are colorless at room temperature. They then change to red, gr Qented by the Nusselt number as
blue, and finally colorless again during the heating process. Thé
color change temperatures to red, green, and blue are 38.2°C, Nu=hDe/k¢ 4
39.0°C, and 43.5°C, respectively. Before the test run, the hot air.

bypasses the test section so that the endwall remains at the Iq§|c;[he Reynolds number used herein is based on the mean
0

ratory ambient temperature. The valve keeps in the diverted p [oughfl_ow velocity at the duc_t entrance and the equivalent hy-
tion until a required mainstream temperatuggically about 60— faulic diameter of the trapezoidal duct, i.e.,

70°C) has been achieved in the diversion of the flow loop. Then, Re=G-Delu (5)

the valve turns to route the hot air into the test section and, sim%‘{1

Experimental Procedure. The test section is assembled af
ter spraying the liquid crystal@allcrest, BW/R38C5W/C17-10
uniformly on the endwall surface. The coating is a light spray of n h2a(t—7)

TW—Tizz [1—exp{ Llxerfc
=1

Data Analysis and Uncertainty. The nondimensional heat

taneously, the recorder is switched on to record the mainstregfj€ PUMPINg power required to drive a fixed volumetric flow rate
temperature history. The image processing system records overdof in the trapezoidal duct with both straight and lateral

transition time for the color change to green, and transfers the dQUi!ets can be written as

into a matrix of time of the color change over the entire surface. APV=AP,V,+AP,V,
The time and temperature data are entered into a computer pro- .
gram to obtain the local heat transfer coefficient. whereV, andV, are the volumetric flow rates, anidP,; andAP,

H = fer Th The local h f ffici are the measured pressure drops for flow through the straight and
eat Transfer Theory. e local heat transfer COeficient | a5 exits, respectively. If the density of the flowing air does not

over the test surface can be obtained by assuming Ongsy gignificantly in the test section, the pressure drop across the

dlmecT.slonaI. trar|15|ent ponductlgn over ahsemil-.lr}flmte dsphd. T@ite-length duct of trapezoidal cross section with both straight
one-dimensional transient conduction, the initial conaition, ang,q |aterg| outlets, can be made dimensionless as follows:

boundary conditions on the liquid crystal coated surface are
Eu=2AP/(G?/p)
3T aT

K—=3=pCp— (1) The pressure-drop coefficient obtained is based on adiabatic con-
9z ot ditions (i.e., test with ambient-temperature mainstrgam

Whent=0, T=T,; whent>0, k(dT/9Z)=h(T,~T,,) atz=0; By using the estimation method of Kline and McClintddi€],
whenz—w, T=T, . ’ v ' the maximum uncertainties of the investigated nondimensional

The surface temperature response to @jis shown as: parameters are as follows: Re, 6.4 percent; Nu, 8.5 percent; and

Eu, 7.7 percent.
T~ Ti L h2at
To—T, ~ AT

hyat
-erfq — — (2)  Results and Discussion

Before the subsequent discussion, it is necessary to make a
comparison of the present data with those in previous works to
validate present experimental procedure and results. As shown in

Fig. 4, the Nusselt number and Darcy friction factor are measured

sponding time(t) r?q“ired to change.the coated-surface color' '3 the region 18.6-X/De=<20.2 of the present smooth trapezoidal
green at any location. The time required for the color change ing+ “and are plotted as a function of Reynolds number. The cor-

typ[cal run is about 15 to 90 seconds depending on thg loc.atior@iations selected for comparison are the Dittus—Bo¢ti8} cor-
mainstream temperature, and throughflow rate. This testing tlmi%g;
e

The heat transfer coefficiehtcan be calculated from ER), by
knowing the wall temperaturél(,), the initial surface temperature
(T,), the oncoming mainstream temperatute,), and the corre-

ation for heat transfer and the Blasius equation and the equation
so short that the heat flow does not penetrate the depth of a q

lic. Theref h : fth infini lid Petukhov[16] for friction. All of these equations represent
acrylic. Therefore, the assumption of the semi-infinite solid on thga)| the gata for a fully developed flow in a smooth duct. It is

test surface is valid. It is noteworthy that in the region where theyo, from this figure that, within the range of Reynolds number
heat transfer .C(.)efflment varies significantly in spatiality, the he estigated, the agreement between these correlations and the
transfer coefficient measured may be somewhat averaged by (hesont experimental heat transfer and friction data is good. The

Z.X'al cgndulctlgn tlrll' theh Pl?ﬂ?lasﬁ ptla'iér.e.,thtwo- or thlree- ood agreement of this comparison confirms an adequate experi-
imensional effegt To check this effect, two thermocouples arey, o a1 hrocedure employed and reliable results obtained in the
cemented into small holes drilled into the Plexiglas® plate apy

) . . rrent work.
proximately 1.0 mm in depth to measure the time-dependent axwgd

conduction. The locations of these two thermocouples are behindetailed Heat Transfer Coefficient Distributions.  Typical

the pin and ahead of the next pin, respectively, where the heatamples showing the effects of lateral-flow rate and pin shape on

transfer is expected to be highly localized. The results show ththe detailed Nusselt number distributions on the endwall surfaces

the maximum axial conduction is less than 5 percent of the coof a pin-fin trapezoidal duct are given in Figs. 5 and 6. The trap-

vection heat transfer from the fluid to the surface in the testzoidal duct is inserted with a staggered pin array at a fixed Rey-

duration. nolds number of Re40,000. The flow is from left to right and/or
Since the mainstream temperature is time dependent, the sdlottom of each figure. The lateral-flow rate varies fram0

tion in Eq.(2) should be modified. First, the mainstream temperde 1.0.
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Trapezoidal Duct
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Fig. 4 Comparison of the averaged Nusselt number and fric-
tion factor of the present smooth trapezoidal duct with the pre-
vious correlations

Fig. 5 Detailed heat transfer coefficient distribution on the
endwall of the trapezoidal duct: effect of the lateral-flow rate,
Re=40,000
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Fig. 6 Detailed heat transfer coefficient distribution on the
endwall of the trapezoidal duct: effect of the pin shapes, Re
=40,000

Effect of Lateral-Flow Rate. For the duct of a straight outlet
flow only (Fig. 5@), €=0), since the duct is trapezoidal, the two
sidewalls are of different widths, which leads to asymmetry in
local heat transfer coefficient distributions. In addition, the distri-
butions become higher after the third rib array from the duct en-
trance[4]. When the lateral exit is open witb=0.2 (Fig. 5b)),
only a small portion of fluid turns laterally and most of the fluid
still traverses the trapezoidal duct and exits from the straight exit.
Therefore, the pattern of heat transfer distribution on a large por-
tion of endwall shown in Fig. ®) is not changed too much as
compared to Fig. @). The notable differences are a slight reduc-
tion in Nu value and the deflection of wake shedding behind the
pins adjacent the lateral exit for Fig(lB. It is seen that the wake
shedding behind the pins adjacent to the lateral exit, except for the
last row, is slightly deflected toward the lateral exit by the lateral
flow. Interestingly, the pin around the corner formed by tow open-
ings of the ducti.e., the last-row pin adjacent the lateral ¢Xias
a shedding wake directed from the lateral exit toward the straight
exit. This means that some fluids enter the duct from the lateral
opening and exit from the straight opening. Such complex flow
transportation will be illustrated in Fig. 7. As the lateral-flow rate
increases furthefFigs. 5c), 5(d), and Re)), the deflection of
wake shedding behind the pins becomes significant, and the heat
transfer in the region near the lateral exit has been enhanced by
increasinge. Meanwhile, the heat transfer coefficient adjacent to
the longer sidewall is evidently degraded. The former is attributed
to the effect of the accelerating flow through the convergent lat-
eral exit and, partly, the flow turning effect. The latter is because
of the less forced convection along the straigftdirection of the
trapezoidal duct. In contrast to the results of small lateral-flow
ejection shown in Fig. ®), the direction of the wake shedding by
the pin around the corner formed by tow openings is from the
straight exit to the lateral exit for the high lateral ejection of
€=0.8, indicating that the flow across this pin is from the straight
opening to the lateral opening. When the straight exit is blocked
(Fig. 5f), €=1.0), the total main flow has to turn laterally, and
thus enhances the most heat transfer near the lateral exit. How-
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Fig. 7 Relation of the lateral-flow rate and the main flow direc-

tion in the trapezoidal duct
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O Circular pins

ever, due to the flow recirculation, a heat transfer deterioration is
observed around the remote corner formed by the longer sidewall
and the blocked straight exit.

From the heat transfer traces given above, the flow direction £
across the trapezoidal duct under varieug/hich strongly affects
the local heat transfer distribution on the endwall surfaces, can ﬁ@' 8 Effect of the lateral-flow rate on the endwall averaged
sketched in Fig. 7. For9e<0.4, due to a strong vacuum at the usSelt number for Re  =40,000
straight exit, the total straight outlet flow is induced not only from
the duct entrance but also from the lateral opertfig. 7(a)). For )
the duct with 0.6e<1.0 (Fig. 7(c)), in contrast, the fluids exiting 10.4-deg wedge angle, and may not be valid when the wedge
from the lateral exit are provided by the duct entrance as well 8891€ is varied, especially for a relatively small wedge angle. For
the straight opening. As for Os4e<0.6, the straight and lateral €xample, the previous results by Lau et[&] showed that the

outflows are almost eveffFig. 7(b)) due to the vacuum balance inoverall heat transfer decreased monotonically with increasing
the two exits. lateral-flow rate frome=0 to 1.0 in the pin-fin rectangular duct.

The disagreement in thedependence of the overall heat transfer

Effect of the Pin Shape. Figures &a) and @b) shows the between the present and previous results may be due to the dif-
detailed heat transfer distributions on the endwall of the trapez@érence in the cross section of the test duct investigiipdhs for
dal ducts with diamond and circular pin-arrays, respectively, fahe effect of pin shape, in general, the endwall-averaged heat
e=0 and 1.0. Comparing Figs(® and 5 f) with Fig. 6 gives an transfer for the square pin-array is higher than that for the dia-
indication of the effect of pin shape on the distributions of locahond pin-array, and subsequently higher than that for the circular
heat transfer coefficient on the endwall of a trapezoidal duct wiffin-array at a fixed lateral-flow rate. Chyu et [@] found a simi-
straight or lateral outlet flows. For the duct of a straight outlgér trend for a pin-fin rectangular channel without lateral-flow
flow (e=0), the wake shedding behind the square (#iy. 5@a)) ejection. Careful inspection of this figure shows that at high lateral
spreads much wider than that behind the diamond pin(fig. flow conditions(e>0.9), the endwall-averaged heat transfer for
6(a)) and subsequently wider than that behind the circular pin. the diamond and square pins are almost the same. This is very
general, a square fin element located in an array interior may fksonable because the square pin appears to be a diamond pin
subjected to a complex pattern of wake sheddBigwhich con-  with respect to the turning main flow. Therefore, these two pin
sists of wakes shed sideways for the adjacent elements immaegtiapes are not different from each other too much relative to the
ately upstream and that from the element directly aligned twarning flow. Indeed, this fact has been clearly shown in Fi¢§. 5
rows ahead. However, the effect of the sideways wake-sheddisgd Ga) for the local Nusselt number distributions.
for the circular pin fin is relatively insignificant. Observations of The dependence of the endwall-averaged Nusselt number on
Figs. 8f) and Ga) further indicate that the local heat transfethe Reynolds number and the lateral-flow rate can be correlated by
coefficient distributions are quite similar for the square and dighe equation of the form
mond pins for the trapezoidal duct of lateral outlet flow ofdy _
=1.0). Further examination of the endwall-averaged Nusselt num- Nu=a, Re(1+age+aze’)

ber will be conducted later for evaluating the heat transfefe coefficients and exponent of these equations for three differ-
performance in trapezoidal ducts of various pin shapes. ent pin shapes are given in Table 1. The maximum deviations
Endwall-Averaged Heat Transfer. Figure 8 shows the ef- Petween these equations and the experimental data are less than
fect of the lateral-flow rate on the endwall-averaged heat transfép, *6, and =8 percent for the square, diamond, and circular
for three different pin shapes at R€0,000. The symbols are Pins, respectively. The combined effects of lateral-flow rate and
actual experiments and the lines passing through these symdd@ynolds number on the endwall-averaged heat transfer of the
are curve-fitting results. As given in this figure, all pin shapel§@pezoidal duct with an array of various-shaped pins are shown in
have a similar trend, i.e., the endwall-averaged Nusselt numidg- - For simplicity, the effect of lateral-flow rate is expressed
starts a decrease from=0, reaches a local minimum at abouteXPlicitly in the ordinate of the figure. In addition, the present
€=0.3-0.4, and then increases with increasingrhe first de- Smooth trapezoidal duct resultSig. 4) are also displayed as a
crease is because the apparent cross-sectional area for S line in this figure for comparison. As shown in Fig. 9, the
throughflow becomes large when the lateral exit is open. An in-
crease in the apparent cross-sectional area reduces the average
throughflow velocity; hence endwall-averaged heat transfer. Fur- Table 1 Constants for the heat transfer correlation
ther increasing the lateral-flow rate augments the convective hi

150 ' ' 1 . =
00 02 04 06 08 10

- — . )
transfer by accelerating fluid through the convergent lateral e: hPm Nu=aRe"*(1+ae+a,6")
and by enhancing the flow turning effect. The more the later| S1@P®S a a as a, | Maximum Deviations
flow, the stronger the fluid acceleration becomes. This is the re Square |0.23410.662|-0.30 0.38 +5 9
son that the endwall-averaged heat transfer increases with the| . o
: i - Diamond |0.296 [0.636 | -0.28 | 0.40 +6 %
crease in the lateral-flow rate at high lateral-flow conditions. . 110221 036 +8 %
should be noted that this trend is true for the present duct ofl Cireular |0.222]0.651 | -0. : =2
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N 00 T soumcrie 2B creasing the lateral-flow rate froev0 to 0.4 has two counteract-

%W g | ¥E=02 ? /,//fg// | ing _effects that |anL_Jen(_:e the overaI_I pressure drop across the trap-

A s E=04 s ot ezoidal duct. The first is the reduction in the volumetric flow rate

% gi:g'g E\,j///:/ of the air in the duct due to an increase in the apparent exit area,

S 100 Lte= 1;0,/@;{‘; | which reduces the pressure drop across the trapezoidal duct. The

f N /@/,/;/ +5% ] second effect is an enhancement in the flow turning effect, which

X =7 1 increases the pressure drop. Obviously, the former effect is more

= s0 Smooth straight | significant than the latter effect far<0.4. As e increases further,

11| L R R the flow-turning effect gradually becomes crucial. Aftez0.8,

~ og=0, Diamond Pins _ //’@4 the Eu is higher than that =0 (solid circles, meaning that the

S W0 Ap-04 /j//é/ i flow-turning effect has overcome the area-increment effect. For

?:: 0e=06 /;fg/ all pin shapes, the duct @¢=1.0 has the highest Euler numbers,

@ 3?:?-8 e which are about 50-80, 100—120, and 100—-150 percent higher

a 100 = ; than that of straight duct inserted with square, diamond, and cir-

= B j&/’ cular pin-arrays, respectively. The turning of the flow through a

5 ro-7 90-deg angle and the recirculation of trapped air at the corner

or between the longer sidewall and the blocked straight exit for

0520 e=1.0 cause a significant pressure drop in the pin-fin channel.

4 200 Fve=02

2 aE=04

?_' 0e=06

S g LOEZ08

§ Wpresw0 Summary and Conclusions

< L §§/// Experiments have been conducted for the measurements of end-

12 sof -~ wall heat transfer and pressure drop in a trapezoidal duct with a
00— short pin-fin array, simulating the trailing edge cooling cavity of a

turbine blade. The effects of pin shape, lateral-flow rate and flow
Reynolds number have been examined. New information on de-
tailed heat transfer distributions on the endwall surfaces of a pin-
fin trapezoidal channel with various lateral-flow rates has been
provided in this study. When some fluid turns laterally out of the
pin-fin trapezoidal cooling cavity, both the variation in the appar-
. ) ent duct throughflow area and the flow turning effect would affect
data for variouse gather closely at a fixed Reynolds numberihe |ocal forced-convection phenomena. The main findings based

meaning that the dependence of Nuein Eq. (8) is appropriate. on the present experiments are as follows:
From Fig. 9 or Table 2, in general, it can be seen that the endwall-

averaged Nusselt number of the trapezoidal pin-fin duct increased Increasinge enhances the local heat transfer in the region

with increasing Reynolds number. In a comparison of the smoofiear the lateral exit but degrades the local heat transfer in the

duct results of the straight flovisolid line), the enhancement in region adjacent to the longer sidewall. The former is attributed to

the endwall averaged heat transfer is about 170—-260, 160—28® effect of the accelerating flow through the convergent lateral

and 130-210 percent for the square, diamond, and circular pigjt together with the flow-turning effect. The latter is because of

respectively. the lower forced convection along the straigKj direction of the
trapezoidal duct.

Pressure Drops. The results of the pressure-drop experi- > As for the effect ofe, the endwall-averaged heat transfer
ments are presented in Fig. 10. In this figure, the Euler numbgcreases with increasingfrom zero to a small lateral-flow rate
defined in Eq.(7), is plotted as a function of the flow Reynolds, say,e=0.3-0.4 due to an increase in the duct throughflow area,
number for various lateral-flow rates. For all lateral-flow rates, thgnhich reduces the forced convection in the trapezoidal duct. At
Euler number depends mildly on the flow Reynolds number ovgfgh |ateral flow conditions(e>0.4), however, the endwall-
the range of Reynolds number studied. averaged heat transfer increases with increasidge to the sig-

As for the effect of lateral-flow rate, similar to the heat transfegificance of flow-turning effect. Consequently, a local minimum

results, the Euler number is first decreased and then increaﬁm occurs at about=0.4 for the square and diamond pins and
with increasinge. The minimum Eu occurs at aboet=0.4. In- at aboute=0.3 for the circular pins,

3 As for the effect of pin shape, the square pin performs a
better endwall heat transfer than the diamond pin, and subse-
quently than the circular pin foe<0.8. However, under a high
lateral flow conditione>0.8, the endwall-averaged Nusselt num-

4 bers are largely identical between the square and diamond pins.
{  As compared to the fully developed smooth duct results, the heat
1 transfer enhancement for the square, diamond, and circular pins
are about 170-260, 160—260, and 130—-210 percent, respectively.
When the lateral-flow rate increases fremO0 to 1.0, the pressure

drop across the trapezoidal duct decreases first, reached a local

Fig. 9 Endwall-averaged Nusselt number as a function of the
Reynolds number
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Fig. 10 Reynolds-number dependence of Euler number for the
trapezoidal duct of the square pins
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minimum at abou&=0.4 and then increases to a local maximum
at e=1.0. In addition, the square pins yield the highest pressure
drop, while the circular pin has the lowest pressure drop in the
trapezoidal duct under a fixed Reynolds number and lateral-flow
rate. Correlations for endwall-averaged heat transfer in the trap-
ezoidal duct with different pin shapes are developed in terms of
the lateral-flow rate and the flow Reynolds number for the first
time.
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Augmentation of Stagnation
Region Heat Transfer Due to
Turbulence From a DLN Can
Combustor

G. James Van Fossen Heat transfer measurements have been made in the stagnation region of a flat plate with
NASA Glenn Research Center, a circular leading edge. Electrically heated aluminum strips placed symmetrically about
Cleveland, OH 44135 the leading edge stagnation region were used to measure spanwise-averaged heat trans-
fer coefficients. The maximum Reynolds number obtained, based on leading edge diam-
Ronald S. Bunker eter, was about 100,000. The model was immersed in the flow field downstream of an
General Electric, approximately half-scale model of a can-type combustor from a lowy NfBound-based
Schenectady, NY 12309 power-generating turbine. The tests were conducted with room temperature air; no fuel

was added. Room air flowed into the combustor through six vane-type fuel/air swirlers.
The combustor can contained no dilution holes. The fuel/air swirlers all swirled the
incoming airflow in a counterclockwise direction (facing downstream). A five-hole probe
flow field survey in the plane of the model stagnation point showed the flow was one big
vortex with flow angles up to 36 deg at the outer edges of the rectangular test section.
Hot-wire measurements showed test section flow had very high levels of turbulence,
around 28.5 percent, and had a relatively large axial-length scale-to-leading edge diam-
eter ratio of 0.5. X-wire measurements showed the turbulence to be nearly isotropic.
Stagnation heat transfer augmentation over laminar levels was around 77 percent and
was about 14 percent higher than predicted by a previously developed correlation for
isotropic grid-generated turbulence[DOI: 10.1115/1.1330270

Introduction grouped the augmentation data very tightly 4 percent The
otropic data of several other studies were compared to the cor-

- . . i

FII:II’]g temperatures of modern turbine engines often exceed Sation and found to agree within 10 percent. Data from an
Tgltllnghtemperatu_re otfhthehdc:jwnstretambblade lartljdt:/ane alloy ray of parallel, fine wires that generated non-isotropic turbu-
erial, thus requiring the hardware to be cooled by compressg,.e \yere correlated by the parameter but showed a much higher
discharge air or some other means. The design of these COOlL

. > Bl of augmentation than the isotropic turbulence.
systems requires a knowledge of the heat transfer coefficients ©Ames [5] fabricated turbulence generators that resembled a

tween the hot gas and the blade or vane. Turbulence in the Compystor liner, having primary air inlets and dilution holes. Us-
bustor exit stream plays a major role in determining the level ¢y the rapid distortion theory of Hunt and Grah&m, he devel-
heat_transfer. The_ stagnation region is an area of high heat tran@‘géd a correlating parameter based on intensity, Reynolds num-
and is very sensitive to the level of free-stream turbulence. Tihgr and what he called an energy-scale, the average size of the
objective of the present work is to determine the level of stagnanergy containing eddies. The correlation fit his and other data
tion region heat transfer augmentation due to turbulence producggte well.
by a scaled, can-type combustor from a ground-based, gas-fireResults to be presented from the present work include heat
turbine operating at room temperature and compare the resuftsnsfer measurements in the stagnation region of a flat plate with
with heat transfer augmentation from isotropic grid-generated tui-circular leading edge, a five-hole probe flow field survey, turbu-
bulence. lence intensity survey using a single hot wire, and X-wire results
It has been known for a long time that a small increase itlownstream of the simulated combustor liner.
free-stream turbulence from laminar levels can cause a large in-
crease in heat transfer from the stagnation region of a bluff bodyest Facility, Instrumentation and Data Acquisition
such as a turbine vane or blalde2]. Early attempts at correlation, ) . ) . .
e.g.,[3,4], ignored the effect of turbulent length scale and tried to Wind Tunnel.  The experiments were carried out in the wind
correlate heat transfer augmentation with only turbulence intensffy"€! shown in Fig. 1. Air drawn from the test cell passed
and Reynolds number. These attempts resulted in large, un -ough the six-scaled combustor fuel/air swirlers into the 32._4_ cm
plained scatter when compared to the data of other research fameterx 26.4 cm long can, through a 68.5 ¢m long transition
The works of Ameg5] and Van Fossen et a6] showed that SEction and into the 15.2 crx 54.1 cm X 77.5 cm long test
length scale was also an important parameter. section. Air leaving the test section then passed through another

Van Fossen et a[6] studied the augmentation of stagnatioﬁransmon section to a 10 in. pipe that contained an orifice for flow
region heat transfer due to isotropic turbulence from square-b easurement and a butterfly valve for flow control. Flow through

square-mesh grids. A correlating parameter was developed fr swirlers could be choked so the control valve was set to supply

) . . . . The maximum test section pressure that gave the maximum flow
experimental data taken with several different grids, whic : : : :
P 9 rate. The ratio of test section static pressure to test cell barometric
Commibuted by the Intermational Gas Turbine Insitute and od at the 4 ressure was typically 0.63. This gave a leading edge Reynolds
ontripute y the International Gas lurbine Institute and presented al e H H H
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, GerDmber of about 100,000. A Kiel probe located in the test section
many, May 8—11, 2000. Manuscript received by the International Gas Turbine Insf{aS used to measure the total pressure for each run. Four chromel-

tute February 2000. Paper No. 2000-GT-215. Review Chair: D. Ballal. alumel thermocouples near the inlet of the swirlers measured the
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AFTERBODY WEDGE parallel to model spanwise direction with the model removed.
Bridge voltage was converted to mean and rms components with
special purpose analog meters whose output was recorded with
the Laboratory state data acquisition system. Length scale and
isotropy measurements were made with a crossflow X-wire probe.
The wires were oriented perpendicular to the model spanwise di-
rection. Bridge voltage was passed through an eight pole, six zero,
constant-delay anti-aliasing filter set to begin roll-off at 6 kHz. A
total of 22° samples were recorded at an 18 kHz sampling fre-
quency with a high-speed, digital-to-analog convers{®#AC)
board and stored in a personal computer. In order to obtain good

HEAT TRANSFER MODEL
6.60 cm Dia.

32.4 cm Dia. resolution of the fluctuating component of the signal, it was nec-
_ _ essary to subtract a known DC voltage from the raw signal, then
Fig. 1 Rig layout amplify the result before passing to the DAC. For all hot-wire

measurements the frequency response was estimated to be about
90 kHz using the standard square wave test.

total inlet temperature. A two-dimensional actuator system al- oot Transfer Model.  The heat transfer model was a 65-cm-
lowed hot-wire and five-hole probe surveys in a plane perpendiqyg fiat plate with a circular leading edge with a radius of 3.30
lar to the flow that passed through the stagnation line of the heal,"The model spanned the 15.2 cm test section width. A 52-cm-

transfer model. The model was not present when the flow survqxﬁg wedge-shaped afterbody designed to eliminate vortex shed-
were conducted. ding extended downstream into the outlet transition section, as

Simulated Combustor. The combustor liner model is of the Shown in Fig. 1. The model contained 19 heat flux gages consist-
natural gas fired, Dry-Low-NQ(DLN), can-type having no dilu- ing of aluminum strips 6.6 cm long 0.48 cm widex 0.32 cm
tion or film cooling air injection. Six identical, scaled DLN-typedeep with a thin foil electric heater glued to the rear and a
fuel-air swirlers are set into the upstream end, or head end, of ¢feromel-alumel thermocouple embedded in a groove. Each gage
combustor liner. Each swirler, shown in Fig. 2, was composed 8¥eraged the heat transfer over its 6.6 cm span. The farthest
a set of 12 large air swirl vandsuted and a 16-vane diffusion downstream gages were used as guard heaters to minimize losses
gas tip(innen. The air swirler vane sets were cast stainless st the streamwise direction. A guard heater behind the gages pre-
with about 45 deg of turning. The diffusion gas tips were fabriv€nted conduction to the interior of the model. The average gap
cated from aluminum for this mockup. Swirl is in the same dired€tween the aluminum strips was 0.25 mm and was filled with
tion for each of the inner and outer vanes. Each swirler is al§®0Xy- The aluminum strips were maintained at constant tempera-
provided with a 7.62 cm diameter 6.11 cm long inlet duct to ture (+0.25°Q by a specially designed control circ{it0].
model the inlet region existing in typical engine hardware. In this
mockup, the head end has no additional flow orifices other th@®ata Reduction
the swirlers. This configuration results in a cold flow combustor ) i ) )
mockup, generating both swirl and large-scale turbulence typicalFlow Field. The five-hole probe was calibrated in an atmo-
of a land-based power turbine. While this cold flow combustgiPheric jet over a range of pitch and yaw angles using the tech-
mockup does not achieve the pressure and temperature level§igpe described in Giel et al11]. Yaw and pitch angles were
an actual engine, nor does it have the reaction and combustlg@st-square curve fit with fourth-order polynomials. Symmetry
chemistry, previous work of Zimmermd8] and Goebel et a[9] Was not assumed in any of the curve fits.
indicates that the inclusion of the major geometry and flow fea-
tures in such a cold flow device does result in the generation of
free-stream turbulence and swirl representative of a pressurizeqntensity. Hot-wire probes were calibrated in an atmospheric
and fired system. jet. A fourth-order polynomial was used to fit bridge voltage ver-
Five Hole Pressure Probe. Mean flow angle and velocity SUS density-velocity prpduct. Density-velocity product was qsed
were measured with a standard, commercially available, ﬁve_h(gg(_:aus_e the test section pressures were below atmospherlc thus
pressure probe. Pressures were measured with strain gage_ﬁg)ratlon density was different than test section denS|ty.. The
transducers and recorded using the Laboratory steady-state n and rms voltages recorded for the intensity survey with the

Turbulence

recording system. steady state recording system were converted to density velocity
product and turbulence intensity was calculated as
Hot-Wire Instrumentation. Turbulence measurements were
obtained using a two-channel constant-temperature anemometer d(pu) e
system. The turbulence intensity survey in the plane of the model dE |7
stagnation point was conducted with a single hot wire oriented Tu= p—U (1)

whereE is the mean bridge voltage,s is the rms component of
the bridge voltage, and the derivative is the slope of the calibra-
tion curve atkE.

Integral Length Scale. Length scale was calculated from the
autocorrelation function by fitting an exponential curve
R(r)=e ©+ 2

between the arbitrary limits of 2R(t)>0.33. IntegratingR(t)
between zero and infinity and multiplying by the mean velocity
gives the integral length scale,

NG U
Ax—uj R(Odt= & A3)

Fig. 2 DLN fuel—air swirler looking upstream 0 T
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construct a lookup table of the ratid/, /pV, versus probe angle.
The data reduction procedure was théh; CalculatepV,; and
pV, using the curve fits of velocity versus bridge voltagg)
Using the ratio ofpV, /pV, and the lookup table, find the angle of
the velocity vector relative to the prob@) Using the curve fit of
pV,/pVije versus angle, computeVie (pVie is now the magni-
tude of the mass-velocity vecor

Heat Transfer. An energy balance was used to determine the
Frossling number for each gage:
(QEI_Qrad_qgap)d
Al Tw—T(s)JkVRey

Fr(s/R)= (4)

whereqg, is the heat added to the gage by the electric heajgr,
is the heat lost by radiatiom,, is the heat conducted away from

the gage to the epoxy gap and the unguarded ends of the heaters,
A is the exposed gage surface arég, is the gage temperature,
T,(s) is the local recovery temperaturejs the thermal conduc-
tivity of air, and Rg is the Reynolds number based on leading
edge diameterd. Corrections for radiation heat 10,4, Were
made assuming gray body radiation to black surroundings and an
emissivity of 0.05 for the aluminum gage.

An estimate of the gap lossjg,,, can be obtained from an
exact solution for two-dimensional heat conduction in a rectangle;

see Van Fossen et &lL0] for details. The gap loss was about 10
Inner Wire, V, 7 percent of the total heat flow while the radiation heat loss was on
[w] Quter Wire, V,
Fit 7 the order of 0.2 percent.

The recovery temperature was calculated as

2.5

LENNE S py R SR M S R S B B

[ind
=3
T

Bridge Voltage

i
T
O

Te(S) = Tspe T 1(S)(Tr— Tst) ®)
whereTy, .. is the static temperature upstream of the model. The
local recovery factort (s), was calculated as

2
r<s>:1—(pu(s)) (1- P

(pU)
Although not a problem with this data set, this method of com- .
puting the length scale eliminates inconsistent results from sorhB€ local mass flow ratiqyU(s)/(pU).., was found from a nu-

data that contain low-frequency noise; see Van Fossen Eglal merical solution of flow over the model that included the tunnel
' © walls[12].

Isotropy. The X-wire probe was calibrated in the same air jet Following the results of Rigby et aJ12], the thermal conduc-
used to calibrate the single-wire probe. The procedure was to #ieity and viscosity of air were evaluated at the free-stream total
the probe angle so both wires were as close as possible to 45 t®gperature from equations given in Hillsenrath ef &8].
to the flow, and perform a velocity calibration as was done for the The Reynolds number, Re was based on the diameter of the
single wire. This produced a curve fit of bridge voltage versus jedading edged, and the mass-velocity averaged between the flow
velocity for each wire. A directional calibration was accomplishedrea with maximum model blockage and the unblocked flow area,
by setting the jet density-velocity product at the value expected fhat is,
the test section and recording bridge voltage over a range of probe
angles betweer-40 and+40 deg. Using the velocity curve fit for
each wire, a density-velocity product was calculated for each
probe angle and normalized by the actual jet density-velocity
product. These data sets were then curve-fit with polynomialshere the blockageB, is the ratio of maximum model thickness
Figure 3 shows the resulting calibration curves with the data tunnel height. Blockage was 0.122 for this test.
points superimposed.

It can be seen in the directional calibration that wire 2, the outer
wire, looks like a cosine curve, which is normal behavior for a . .
angled hot wire. Wire |, however, looks like the cosine for ang|e‘;lncerta|nty Analysis

betweep—_40 and 0 deg, but at angles greater than 0 deg i.t doesFrossling Number. Estimates of the bias error of each mea-
not. This is a problem inherent to the crossflow probe design; %ring instrument were made and combined by the method of

hathe "and McClintock[14]. Estimates of the precision of each

PR U (DN USSR S U T S S S S S SR R S U
100 20 30 50 80

PV, kg/ m*-sec

Fig. 3 Crossflow X-wire calibration curves

©

(2-B)

(pU)avgz(PU)wm (7)

other access to the test section such as a window or door to instalFlowfield Measurements. Estimates of error in the hot-wire

the probe tip. This shortcoming of the crossflow probe can kend five-hole probe measurements were made using a method
overcome by limiting the flow angles relative to the probe to theuggested by YavuzkufL5]. Estimated error in turbulence inten-
range —40 to 0 deg. The curve fits from Fig. 3 were used tasity was 12.9 percent and in length scale 18.3 percent.
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Results and Discussion

Flow Field. Results of the five-hole probe survey are show
in Fig. 4. The figure shows streamlines and vectors that repres
the components of velocity perpendicular to the axial directiol
The length of the vector at the top of the figure is representative &
the magnitude of the axial velocity. It can be seen that vortict©.
from the six individual swirl nozzles add together to form a singl%
vortex at the inlet to the test section. The center of the vortex 3=
displaced from the tunnel centerline. Flow angles of up to 36 d&
were measured at the extreme spanwise positions and angles \3‘_
0 deg were recorded at midspan. 7]

Figure 5 shows the mean flow velocity components in the axi
and cross-stream directions measured with the X-wire. The ax
component varies about 17 percent in the spanwise direction w
a minimum near midspan. The cross-stream component varies
early with span with zero velocity corresponding with the mid
span position.

Turbulence. A survey of turbulence intensity measured with
the single hot wire is shown in Fig. 6. Intensity was stratified in
the spanwise direction with a maximum of around 30 percent at

6 TURBULENCE INTENSITY IN PERCENT
4 S —— 22—
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Fig. 6 Turbulence intensity contour plot
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Fig. 4 Five-hole probe survey; cross-stream vector and
streamline plot

midspan and tapering off to around 21 percent at the full test
section span. Intensity averaged over the span of the stagnation
heat transfer gage was 28.5 percent.

Figure 7 gives the fluctuating components of axial and cross-
stream velocity. The axial component is nearly constant, while the
cross-stream component has a dip near midspan. This, at first,
appears contrary to the results of the single-wire survey, but closer
examination shows that it is consistent. The single wire was ori-
ented in the spanwise direction and thus would respond to axial
and cross-stream components as:

(U’2+ v 72)

(U2+ V2) (8)
The zero velocity of the cross-stream mean componéntauses
the intensity to peak in the center of the span.

Figure 8 shows the ratio of the two fluctuating velocities,
u’/v’. The average ratio over the span is equal to 0.97 and varies
only about =10 percent, indicating that the flow is nearly
isotropic.

Typical autocorrelation functions used to determine the length
scale are shown in Fig. 9. Also shown on the figure are the expo-
nential curve fits used to determine the length scale. These figures
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Fig. 5 X-wire traverse: mean axial flow and cross-stream ve-
locity components
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Fig. 7 X-wire traverse: rms fluctuating axial and cross-stream
velocity components
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stream velocity components

. . _Sfagnation point. The augmentation of stagnation heat transfer due
are typical of autocorrelations for all the data taken. The axig{ ihe pLN turbulence is about 77 percent above the laminar case.
direction autocorrelation is closely approximated by the exponep; ssling numbers for heat flux gages off the stagnation line gen-

tial curve fit while the cross-stream component has a large areagk iy follow the laminar distribution multiplied by the augmenta-

negative correlation. ion factor untils/R of roughly 0.9 (~ =52 deg. Beyond this

The spanwise distribution of length scale is shown in Fig. 1051, ofs/R, the augmentation is greater than the 1.77 of the
The average axial length scale was 3.34 cm, while the Cro%?égnation region.

stream length scale was 2.64 cm, making the ratio of axial to
cross-stream length scale about 1.26. Axial and cross-stream ¢

in Fig. 11. Both components exhibit the5/3 slope indicative of 1,5 giagnation heat transfer due to the DLN turbulence is about

the inertial subrange. The rolloff in the spectrum at wave numbe{g norcent higher than the correlation predicts. The correlation
greater than about 1500 is caused by the anti-aliasing filter. The s qerived using turbulence generated with square-bar, square-
spectra shown in Fig. 11 are typical of all spanwise locations. \aq grids that produced nearly isotropic turbulence; the data
Heat Transfer. The heat transfer distribution in the stagnawere all contained within the- 4 percent bands shown in Fig. 13.
tion region is shown in Fig. 12 where Frossling numbgusselt Van Fossen et a[_16_] showed th_at nonisotropic turbulencg could
number(Re;)*?) is plotted versus the ratio of surface distance tBroduce augmentation levels higher than that of isotropic turbu-
leading edge radius. For comparison, a numerical solution for tf1Ce. It was suspected that this was the cause of the increased
cylindrical leading edge for a laminar free stream obtained usif/gmentation by the DLN combustor turbulence, but the turbu-
the PARC-2D code taken from Rigby and Van Fos§ef] is |€nce measurements show that this is not the case; the DLN tur-
shown. Also shown are the PARC-2D code results multiplied d@plence is nearly isotropic. The cause of this increased augmen-

the factor 1.77 in order to match the experimental data at ti@fion above isotropic grid turbulence levels remains unknown.
One possibility could be the swirl in the mean flow, causing an
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Fig. 9 Typical axial and cross-stream autocorrelation func-

tions with curve fits
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18 T T tions were nearly identical in magnitude. The wave number

5 . spectrum for both components demonstrated-t5¢3 slope char-

16 F ] acteristic of an inertial subrange.
i ] 4 The average length scale in the axial direction was found
- ) to be 3.34 cm, while the cross-stream direction length scale was
14 | -

[ - 2.64 cm.

X ] 5 Stagnation heat transfer in the turbulent exhaust of the DLN
gt2r 7] combustor liner was found to be higher than that for a laminar free
a {1 stream by a factor of 1.77.
£ 10 | - 6 Stagnation heat transfer augmentation was found to be 14

[ - percent higher than predicted by a correlation developed from

o8 F/ ‘ isotropic grid-generated turbulence.
T —O— Re,=96400 '
06 | PARC-2D 1 Nomenclature
i — — — ~ PARC-20"1.77 i )
: ] B = wind tunnel blockage
04 M b b b e L b C, = constant in fit of autocorrelation; $
-1.5 -1.0 -0.5 g/% 0.5 1.0 15 d = leading edge diameter, cm
E = hot wire bridge voltage, V
Fig. 12 Heat transfer distribution over the model leading edge e = fluctua}tlng component of bridge voltage, V
Fr = Frossling numberNusselt(Re)'?

r
f = frequency, Hz
r = Prandtl number
2.5 mm—m—mr-—r—r—m—r—r—1——rr R = radius of model leading edge, cm
r = recovery factor
i R(7) = autocorrelation function
i Re = Reynolds number
- s = surface distance from stagnation point, cm
4 T = temperature, K
. Tu = turbulence intensity
1 U, V = axial and cross-stream components of velocity, m/s
u’, v’ = fluctuation components df andV, m/s
A = length scale, cm
- k = wave number, m!
p

7, . = density, kg/m
: N 7 = delay time in autocorrelation, s
L Isotropic Grid Turbulence 4 Subscripts
R ~ — — ~ Range of Data Scatter (+4%) .
A . DLN Turbulence | avg = averaged over time
R | d = leading edge diameter
0.5 L rms = root mean square
0 5000 10000 15000 r = recovery
TuRe®® ( A/ ) pad st = static condition
t = total condition
Fig. 13 Comparison of stagnation heat transfer augmentation x = axial direction
due to DLN turbulence and correlation derived from square bar y = cross-stream direction
grid data » = free-stream condition
effective angle of attack on the leading edge; positive on one hgifeferences

H.] Zapp, G. M., 1950, “The Effect of Turbulence on Local Heat Transfer Coef-

of the span and negatlve on the other half. This has not bee ficient Around a Cylinder Normal to an Air Stream,” M. S. Thesis, Oregon

investigated. State College, Corvallis, OR.
[2] Giedt, W. H., 1951, “Effect of Turbulence Level of Incident Air Stream on
Conclusions Local Heat Transfer From Cylinders,” J. Aeronaut. StB, No. 11, pp. 725—
730.

Spanwise-averaged heat transfer measurements were made [8) Smith, M. C., and Kuethe, A. M., 1966, “Effects of Turbulence on Laminar
the stagnation region of a flat plate with a 3.3 cm radius circular__ Skin Friction and Heat Transfer,” Phys. Fluids, No. 12, pp. 23372344
leading edge. The heat transfer model was placed downstream &f! Lowery, G. W., and Vachon, R. I., 1975, “Effect of Turbulence on Heat

N . X Transfer From Heated Cylinders,” Int. J. Heat Mass Trar8,,No. 11, pp.
a scaled, simulated, gasfired, combustor liner from a ground 1209_1242

based, power turbine. Conclusions drawn from this study are: [5] Ames, F. E., 1994, “Experimental Study of Vane Heat Transfer and Aerody-

. . . namics at Elevated Levels of Turbulence,” NASA CR 4633.
1 The DLN combustor used in the present test with the swirl [6] Van Fossen, G. J., Simoneau, R. J., and Ching, C. Y., 1994, “Influence of

vanes from each of the six nozzles oriented in the same direction Turbulence Parameters, Reynolds Number, and Body Shape on Stagnation
produced a single large swirl entering the test section. Flow angles Region Heat Transfer,” NASA TP-3487.

: 247] Hunt, J. C. R., and Graham, J. M. R., 1978, “Free-Stream Turbulence Near
up to 36 deg from axial were recorded at the outer edge whild Plane Boundaries,” J. Fluid Mectg4, pp. 209—235.

flow angles_ of nearly zero were found at the center. [8] Zimmerman, D. R., 1979, “Laser Anemometer Measurements at the Exit of a
2 Very high levels of free-stream turbulence were generated. T63-C20 Combustor,” NASA CR-159623.

Spanwise-averaged turbulence intensity was found to be 28.FI Goeb(_al, S., Abuaf, N., and L_ee, C.-P., 1993, “Measurements of Combustor
percent Velocity and Turbulence Profiles,” ASME Paper No. 93-GT-228.

. . 10] Van Fossen, G. J., Simoneau, R. J., Olsen, W. A., and Shaw, R. J., 1984,
3 The turbulence generated appeared to be isotropic. Fluctuat-" “Heat Transfer Distributions Around Nominal Ice Accretion Shapes Formed

ing components of velocity in the axial and cross-stream direc- on a Cylinder in the NASA Lewis Icing Research Tunnel,” presented at the

Journal of Turbomachinery JANUARY 2001, Vol. 123 / 145

Downloaded 01 Jun 2010 to 128.113.26.88. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



AIAA 22nd Aerospace Sciences Mtg., Jan. 9-12, Reno, (60 NASA 1955, “Tables of Thermal Properties of Gases,” NBS Circular 564.

TM-83557). [14] Kline, S. J., and McClintock, F. A., 1953, “Describing Uncertainties in Single-

[11] Giel, P. W., Thurman, D. R., Lopez, |, Boyle, R. J., and Van Fossen, G. J.,  sample Experiments,” Mech. EngAm. Soc. Mech. Eng, Jan., pp. 3-8.
1966, “Three-Dimensional Flow Field Measurements in a Transonic Turbinetls] vavuzkurt. S.. 1984
Cascade,” ASME Paper No. 96-GT-113. . ’

[12] Rigby, D. L., and Van Fossen, G. J., 1992, “Increased Heat Transfer to Ellip-
tical Leading Edges Due to Spanwise Variations in the Freestream Mome

ASME J. Fluids Eng.106, pp. 181-186.

“A Guide to Uncertainty Analysis of Hot-Wire Data,”

rL16] Van Fossen, G. J., Simoneau, R. J., and Ching, C. Y., 1995, “Influence of

tum: Numerical and Experimental Results,” AIAA Paper No. 92-3070. Turbulence Parameters, Reynolds Number, and Body Shape on Stagnation-

[13] Hillsenrath, J., Beckett, C. W., Benedict, W. S., Fano, L., and Hobe, H. J.,  Region Heat Transfer,” ASME J. Heat Transf&d,7, pp. 597-603.

146 / Vol. 123, JANUARY 2001 Transactions of the ASME

Downloaded 01 Jun 2010 to 128.113.26.88. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



An Experimental Evaluation of
Advanced Leading Edge
M.t Testim ¥ Impingement Cooling Concepts

L. Setayeshgar

The main objective of this experimental investigation was to measure the convective heat

Mechanical, Industrial, and Manufacturing transfer coefficient of impingement for different target wall roughness geometries of an
Engineering Department, airfoil leading edge, for jet to wall spacings and exit flow schemes. Available data in the

Northeastern University, open literature apply mostly to impingement on flat or curved smooth surfaces. This

Boston, MA 02115 investigation covered two relatively new features in blade leading-edge cooling concepts:

curved and roughened target surfaces. Experimental results are presented for four test
sections representing the leading-edge cooling cavity with cross-over jets impinging on:

S. D Sp”.ng (1) a smooth wall, (2) a wall with high surface roughness, (3) a wall roughened with
GE Aircraft Engines, conical bumps, and (4) a wall roughened with tapered radial ribs. The tests were run for
Lynn, MA 03885 two supply and three exit flow arrangements and a range of jet Reynolds numbers. The

major conclusions of this study were: (a) There is a heat transfer enhancement benefit in
roughening the target surface; (b) while the surface roughness increases the impingement
heat transfer coefficient, the driving factor in heat transfer enhancement is the increase in

surface area; (c) among the four tested surface geometries, the conical bumps produced
the highest heat transfer enhancemefbOl: 10.1115/1.1331537

Introduction impinge on a smooth leading-edge wall and flow exits through the

. “showerhead” film holes, “gill” film holes on the pressure and
Various methods have been developed over the years to k%%‘%tion sides, and, in some cases, forms a crossflow in the

the_ blgde_or noz_zle temperatures below _crltlcal I_eve_ls. One rm}&tding-edge cavity and moves toward the airfoil tip. This study
objective in turbine blade and vane cooling design is to aChIEY cuses on the leading-edge jet impingement and effects that
maximum heat transfer coef_ﬁcients while minim!zing the coolan) ughening of the leading-edge surface have on the impingement
flow rate. One such method is to route coolant air through Serpgiisat yansfer coefficient. A survey of airfoil geometries shows
tine passages within the airfoil and convectively remove heat fr at, for analytical as well as experimental analyses, such cavities
the blade. The coolant is then ejected either at the tip of the bl;&%nlbe simplified by simulating the shape as a four-sided polygon
through the cooling slots along the trailing edge, or through thg, one curved side that forms the leading edge curvature, a
film holes on the airfoil surface. To enhance the heat _transf?éctangle with one curved sideften a smaller sideor a trap-
further, the channels and walls are often roughened with rils, g with the smaller base replaced by a curved wall. The avail-
Extensive research on geometric aspects of the rib-roughengfle gata in open literature are mostly for the jet impingement on
channels such as the passage aspect (AR, the rib height t0 {3t smooth or rib-roughened surfaces and occasionally for im-
passage hydraulic diameter or blockage ratitiX,), the rib angle - yingement on smooth concave surfaces. These studies include the
of attack (@), the manner in which the ribs are positioned relativg, o ks of Chupp et al.18], Metzger et al[19], Kercher and Taba-
to one anothefin-line, staggered, criss-cross, gf¢he rib pitch- | s [20], Florschuetz et al[21—23, Bunker and Metzgef24],
to-height ratio(S/e)and the rib shap&ound versus sharp corners,\etzger and Bunkef25], Van Treuren et al[26], Chang et al.
fiIIets,'the _rib aspect ratioAR;j,), and the skewness toward th 27], Huang et al[28], and Akella and Hani29]. However, as
flow direction all have shown pronounced effects on both locaictated by the external shape of an airfoil leading edge, the test
and overall heat transfer coefficients. The_ reader is referred d@ction in this investigation was a symmetric channel with a cir-
Burggraf[1], Chandra and Haf2], El-Husayni et al[3], Han[4],  cylar nose, two tapered side walls, and a flat fourth wall on which
Han et al.[5-7], Metzger etal.[8-10], Taslim and Spring the cross-over jets were positioned. Depending on the flow ar-
[11,12, Taslim et al[13-15, Webb et al[16], and Zhang et al. rangement, the impingement j&tir) exited from the test section
[17]. ) ) o . _through two rows of holes on the side walls representing the pres-
Leading edge cooling cavities in modern gas turbine airfoilsyre and suction side gill film holes, or through one open end of
play an important role in maintaining the leading edge tempergre channel representing an airfoil tip. Furthermore, data were
ture at levels consistent with airfoil design life. These cavitiegbtained for jet Reynolds numbers as high as 40,000, which is

often have a complex cross-sectional shape to be compatible wifll beyond any published impingement data for gas turbine
the external contour of the airfoil at the leading edge. Furthespplications.

more, to enhance the heat transfer coefficient in these cavities,
they are often roughened on three walls with ribs of differentest Sections
geometries. The cooling flow for these geometries usually enter
the cavity from the airfoil root and flows radially to the tip or, in
the most recent designs, enters the leading edge cavity from
adjacent cavity through a series of crossover holes on the partiti
wall between the two cavities. In the latter case, the crossover ]%\ﬂ%

SFigures 1 and 2 show schematically the layout, cross section,
d the target surface geometries for the four test sections inves-
ated. A conventional technique of heated walls in conjunction

h thermocouples was used to measure the heat transfer coeffi-
nt. The test wall, where all measurements were taken, consisted

of three removable cast brass pieces, which were heated by foil

International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Gﬁgat?rs attached on th.e back of the ple_ces. By adjustment of the

many, May 8-11, 2000. Manuscript received by the International Gas Turbine Ins‘ghmIC power to the foil heater, the desired surface temperature

tute February 2000. Paper No. 2000-GT-222. Review Chair: D. Ballal. was obtained. All test sections were 85.5 cm long. The circular

Contributed by the International Gas Turbine Institute and presented at the 4
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L + A 5.5 BackPlate  EndCap tain the dump pressure to consequently control the amount of flow
" through the “gill” holes on the blade suction and pressure sides.

Supply|C! §-0.82 ¢m Holes Eight angled cylindrical holes with a diameter of 4.88 mm and a
: EAAAR NPT center-to-center distance of 3.25 cm were drilled on each side
UL .- channel wall at an angle of 30 deg with the sidewall to simulate
Aomobatle | A A gill holes on the suction and pressure sides of an airfoil. These
. . holes were staggered along the length of the test section with
Test Section respect to the crossover jet holes on the jet plate.

TR Two removable 1.27-cm-thick jet plates corresponding to two
values ofZ/d;,;=5.2 and 6.2 were made of acrylic plastic to pro-
duce the impinging jets. Nine cylindrical holes with a diameter of
0.82 cm were drilled at a distance of 3.25 cm from each other
(center-to-centgron each jet plate. For eacdj, test, the cor-
responding jet plate was attached and sealed to the side channel
walls to simulate the partition wall between the leading-edge and
its adjacent cavities. The cylindrical holes were centered along
both the length and width of the jet plate. For the nominal position
of the jet plate, a jet impinged at the center of each brass piece. To
move the impinging jets to an off-center position, two removable
0.82-cm-thick pieces were attached to each end of the jet plates to
allow three different impingement locations.

The removable brass pieces, installed in the fiberglass outer
Rough shell, provided the ability to change the impingement surface ge-
ometries in the test rig. Four different geometries were manufac-
tured and tested1) a smooth wall that served as a baselif®,a
sandpaper-rough wall with an average roughness of 0.5 mm cor-
responding tae/D,, of 0.0133,(3) a roughened wall with conical
bumps,(4) a roughened wall with tapered radial ribs.

For each geometry, a Unigraphics® model was created for a
LOM (Laminated Object Modglmachine. This LOM model was
used to mold and create a cast brass test piece for each of the four

Fig. 1 Schematic of the test apparatus geometries. A 3 cm by 6.1 cm custom-made thin etched-foil
heater with a thickness of about 0.2 mm was glued around the
outer curved surface of each brass piece to provide the necessary

wall simulating the leading-edge nose had an inner radius of Ihgat flux. For each geometry, three identical brass pieces, sepa-
cm and an arc angle of 137 deg, and was made up of an outeied by a 1-mm-thick rubber insulator, were mounted next to
fiberglass shell with the brass pieces installed on the inner radieégch other. Heat transfer coefficients were measured on the
A flange on each side of the leading-edge piece facilitated th@ddle piece, while the other two pieces acted as guard heaters to
connections of the side walls. A circular recess along the inngtinimize the heat losses to the adjacent walls. In addition, two
radius with a depth of 3.2 mm and a length of 9.9 cm allowed th®istom-made thin etched-foil heaters were also mounted on the
brass pieces to be fitted into the fiberglass shell. The two identi¢est section side channel walls next to the middle brass piece free
side channels with a cross-sectional area of 38.86(&x cm by edges, again acting as guard heaters. The test section wall tem-
7.62 cm and the same length as the leading-edge piece were agsature was adjusted to a desirable level by varying the ohmic
made of fiberglass. The side channels’ main function was to majpewer to these heaters. Six thermocouples embedded in the
middle brass piece and three thermocouples embedded in each
guard brass piece measured the wall temperatures. The average of
the six thermocouple readings in the middle brass piece, which, if
different only differed by a fraction of a degree, was used as the
surface temperature in the data reduction software for the average
heat transfer coefficient. The selected nominal surface temperature
was 45°C. With a jet temperature of about 20°C, a reasonable
25°C temperature difference between the wall surface and air was
attained. Two thermocouples embedded in the wall behind the
guard heaters were used to measure the side wall temperature
adjacent to the middle brass piece. By proper adjustment of the
power to the side heaters, the wall temperature under the side
heaters was set to be around 45°C. The conduction heat loss from
the test piece to the fiberglass wall was calculated to be negligible
(less than 0.02 percent of the total heat fluRC power was
supplied to individual heaters through an existing power panel
with individual Variacs for each heater. Typical amperage and
voltage levels for each heater varied from 0.23-0.4 Amps and
20-45 V, respectively. Air properties were evaluated at jet
temperature.

The trapezoidal supply channel was formed by the exterior
walls of the side channels, the jet plate, and a 1.27-cm-thick alu-
minum back plate. The end caps with throttling valves controlled
the flow and pressure in each channel, thus simulating many
Fig. 2 Target surface geometries variations that may occur in a real airfoil. Static pressure taps and

All Dimensions in cm
Not to Scale

V-V uonoss

“,0’ Conical Bumps
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thermocouples in each channel measured the pressure and tem- 11.40 T T J T T T

perature at different locations. The test sections were covered on © infiow from botf ends
all sides, by 5-cm-thick glasswool sheets to minimize heat losses 1135 F o ”’”_":’”"”’ oneend
to the environment. The radiational heat loss from the heated wall verage

to the unheated walls as well as losses to ambient air through the ~ 11.3¢ T 3
fiberglass nose piece were taken into consideration when heat »
transfer coefficients were reduced. A contact micromanometer 1125 ¢ O 3
with an accuracy of 0.025 mm of water as well as a series of oil
and mercury manometers measured the pressures and pressure§ 1120 f o 3
differences between the static pressure taps mounted on both sides &

tion

of the target wall for each geometry. For all cases, a critical ven- E IL15 ¢ o e

turimeter was used to measure the total air mass flow rate entering "_____0_ SRR - S

the supply channel. S < ° o o ° E

§ o

Results and Discussion LOS | 1
A total of 47 tests were run in this investigation. All tests had ; 1100 £ e E

several common features described as follows. There were always o

nine impinging jets issuing from the jet plate. The middle jet 1095 E

(fifth) always impinged on the brass test piece in the middle of the ? T T T T t T

test section and the reported heat transfer results are always for ;544 |

that middle brass test piece. The fourth and sixth jets impinged on 2 3 4 5 6 7 8 4

the side brass pieces that acted as guard heaters. The remaining Jet Number

six jets impinged on the fiberglass leading-edge wall to simulate ) o

the flow field in a typical leading-edge cavity. The jet Reynoldg'g' 4 Percentage of air-flow rate through each impingement

number is based on the total measured mass flow rate and the t824f " the two inflow arrangements

area of the nine impingement holes. Two inflow arrangements to

the channel, as shown in Fig(e3, where air entered either from . . . )

one end or both ends, were tested. A one-dimensional flow anagige channel. The four jets upstream of the middiesent aiy

sis of the test setup, shown in Fig. 4, reveals a slight variation §'Med a crossflow that severely affected the impingement heat
the air mass flow rate through different impingement holes for tigansfer coefficient. Two jet plate positions corresponding to two
case of flow entering the supply channel from one or both ends et vValues of 5.2 and 6.2 were tested for all geometries. The
is also noted that the fifth jet, the one impinging on the brass te¥fa/lerZ/die (5.2) consistently produced higher heat transfer co-
piece, has a flow rate that is very close to the average for bt icients for the nominal and one-sided cases. qu the crossflow
inflow arrangements. The remaining impingement holes car@se’ however, the small&/d (5.2) produced a slightly lower
mass flow rates that are only a fraction of a percent different froffgat transfer coefficient for all geometries except the sandpaper-
the average. Static pressure taps in the middle and at each enfPgghened wall. Those cases are discussed next. Experimental un-
the supply channel did not measure a significant differéabeut certainties in heat transfer coefficient and jet Reynolds number,
1 cm of water column for a supply pressure ranging from 110 {8!lowing the method of Kline and McClintock30] were deter-

172 kPa, absolute Three outflow arrangements for the exiting™ined to be 6 and 1.5 percent, respectively.

cooling air, shown in Fig. &), were tested. For the “nominal  Geometry 1. Impingement on a smooth leading-edge wall,
flow” case the air, after impinging on the leading-edge wallshown in Fig. 2a), was tested in this baseline geometry. Figures 5
ejected equally through the side channel holes, which simulate #i§4 6 show Nusselt number versus jet Reynolds number for air
gill holes on the pressure and suction sides of an airfoil. For th@tering the supply channel from one and both ends, respectively.
“one-sided” case the air, after impinging on the leading-edg¢he nominal and one-sided outflow cases produced almost the
wall, ejected through the gill holes on one side only. For thgame |evel of heat transfer coefficients, indicating that impinge-
“crossflow” case the air, after impinging on the leading-edgeénent action is the dominant phenomenon and the manner in which
wall, ejected from one end of the leading-edge channel, simulgfe cooling air departs the target surface does not play a signifi-
ing exit flow, through an airfoil tip. In this flow arrangement, allcant role. For the inflow from one enig. 5), the results of
side channel valves were closed and the only way out for th@e-sided case were slightly higher than those of nominal flow,
cooling air after impingement was through the end of the leadingyile for inflow from both ends, the trend was reversed. The
crossflow cases, in all geometries tested, produced the lowest heat
transfer coefficients, indicating that the crossflow generated by the
four upstream jets was strong enough to deflect the fifth jet and
W reduce its impingement effectiveness. Figure 5 also shows an in-
Inflow from One End crease of about 4 percent in Nusselt number in the nominal flow
case when the jet plate is brought close to the target wall and
W Z/d;e; decreases from 6.2 to 5.2. The same trend is observed for
P ——— the one-3|d_ed exit fI_ow and the crossflow cases. One data point,
corresponding to a jet Reynolds number of 10,000, from Akella

a) Inflow and Han[29] is also shown in Fig. 5. Their investigation dealt
with impingement on a smooth flat surface of a channel in station-
ary as well as orthogonally rotating modes. The value shown was
at their highest jet Reynolds and the present data seem to extrapo-

HH» late well to that data point. A data point from Chupp et[48]

who measured impingement heat transfer on a smooth semi-

Nominal Case Crossflow Case One-Sided Case  ¢ircular surface, again for their highest jet Reynolds number of
b) Outflow 10,000, falls right on the data point of Akella and Han. In Fig. 7,
where the two inflow arrangements are compared, it is seen that
Fig. 3 a) Inflow and b) outflow arrangements Nusselt numbers increase slightly when the supply channel is fed
Journal of Turbomachinery JANUARY 2001, Vol. 123 / 149
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€ e 10000 20000 30000 40000 50000
Rem

Fig. 5 Nusselt number variation with Reynolds number for ge-
ometry 1 (smooth wall ), flow from one end

Fig. 7 A comparison between the results of inflow from one
end and inflow from both ends for geometry 1 (smooth wall ),
Z| digy=5.2

from one end for the nominal and one-sided outflow cases. This
behavior is due to a slightly higher air mass flow through the fifth

impingement hole seen in Fig. 4. Almost no difference was memients were in the shape of very small pointed-bur® per

sured for the crossflow case whether the supply channel was fatf) with an average height of 0.5 mm. This is a scaled dimen-

from one end or both ends. sion that corresponds to bumps approximately 0.025 mm high in
Geometry 2. The leading-edge wall was roughened an%: actual airfoil. The roughening process was done manually and

looked like the surface of a very coarse file. The rouahness e e calculated increase in heat transfer area was about 4 percent
y ) 9 mpared to the baseline surface. A total of twelve tests were run

160 160 :
Solid Symbols : Z/d ~5.2 Solid Symbols : Z/d, =5.2 4
Hollow Symbols : 2/d;,,=6.2 Hollow Symbols : Z/d, 6.2 . %
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e g 2
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8 g L 4 ® Geometry 1
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g O Geometry 3
@ ' . A Ot::;.:o e . 40 b wce O Geometry 4
10000 20000 30000 10000 20000 30000 40000 50000
Re jet Re jet

Fig. 6 Nusselt number variation with Reynolds number for ge-
ometry 1 (smooth wall ), flow from both ends
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Fig. 8 A comparison between the heat transfer results of all
four target wall geometries in nominal flow arrangement
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Fig. 9 A comparison between the heat transfer results of sym-
metric and asymmetric impingement on geometry 3 (cones),
Zl di;=5.2
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Fig. 11 A comparison between the heat transfer results of all
four target wall geometries in crossflow arrangement

the increased area in the overall heat transfer from the target sur-

for this geometry and the results are shown in Figs. 9-11, alof&e(Nujet[AHT/AbasJ) in the data reported in Figs. 8, 10, and 11.

with the results of other geometries to be discussed next. A coffy,
parison of the nominal cases of geometry 2 shows the maxim
increases in the Nusselt number of about 12 and 10.5 percent'jér
Ree=40,000 and foZ/dj,;=6.2 and 5.2, respectively, compare

en the area increase for geome2ris included in these com-
risons(base area us@dthese percentages increase to 17.2 and
percent, respectively.

to those of geometry 1. Figures 12—14 include the contribution of Geometry 3. The target wall for this geometry was rough-

ened with conical bump&=ig. 2(c)). This configuration consisted

160
Solid Symbols : Z/d,=5.2 (]
Hollow Symbols : Z/d,=6.2 =2
Inflow from one end . y S i
? A
<o
&) A8
100} ) S ¢ 1
%
90 4 ]
Nu Jet ? *
80 A
y- 8
70 8
9 3 ® Geometry 1
60 Ii3) u Geometry 2
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& Geometry 4
50 O Geometry 1
Q Geometry 2
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40 Ta face < Geometry 4
16000 20000 30000 40000 50000

Re

Jet

Fig. 10 A comparison between the heat transfer results of all
four target wall geometries in one-sided outflow arrangement
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Fig. 12 A comparison between the area-augmented heat

transfer results of all four target wall geometries in nominal
outflow arrangement
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200 . - Nusselt number of about 7.8 percent for ;jre40,000 and
Solid  Symbols : Z/d, 5.2 Z/d;=5.2 as compared to geometryHaseling. However, when

Hollow Symbols : Z/d, =6.2 the increased area for geometry 3 is included in these compari-
Inflow from one end sons, the percentages increase to 44 and 44.7 pefieigntl2),
% respectively. These are the largest percentage increases for all
. geometries. A total of 17 tests were run for this geometry. The
o additional tests were the results of investigating symmetric and
4 Y asymmetric impingement on the middle brass piece. In tests called
g E% “Symmetric,” the middle jet impinged at the geometric center of
~ the middle brass piece in between the two rows of cones while the
8 5 % “Asymmetric” tests represent the impingement on the row of
I j00f 5 a . four conegFig. 2(c)). Testing of latter position was accomplished
) by offsetting the jet plate to the right. Therefore, test runs were
S'i 90 l% conducted for all outflow casegominal, crossflow, and one-
&) 5 sided, bothZ/dje; values(5.2 and 6.2, both inflow arrangements,
= 8 A Q and the symmetric and asymmetric impingement arrangements.
For consistency, only the symmetric results for geometry 3 are
70 ¢ o ® Geometry 1 1 compared with the other geometries in Figs. 8, 10, and 11. Figure
u Geometry 2 9 shows that symmetric impingemefitetween the two rows of
60 5 A Geometry 3 cones is much more effective than asymmetric impingement for
® Geometry 4 the nominal as well as the one-sided case. For the crossflow case,
however, the asymmetric impingement shows almost the same
50l O Geometry 1 level of heat transfer coefficient. This behavior further proves the
O Geometry 2 strong effect of crossflow in deflecting the impinging jets and
A Geometry 3 reducing their effectiveness in heat removal from the target
P ———r © Geometry 4 sur;ace, regardless of their impingement position on the target
v surface.
10000 20000 30000 40000 50000

Geometry 4. The target wall for this geometry was rough-
ened with longitudinal rib$Fig. 2(d)). There were three ribs along
. ) each brass piece one on the leading-edge nose and one on each
e e cmeaaugmented, nest i, parallel o the middle one. The foal heat ansfe area on the
arrangement middle brass piece measured to be 47.3 percent higher than that of
the baseline geometry. A total of twelve tests were run for this
geometry to cover the three outflow cagesminal, crossflow,

d one-sidexl the twoZ/d.; values of 5.2 and 6.2, and the two
[{low arrangements. Test results of geometry 4 are also compared
ith those of other geometries in Figs. 8, 10, and 11. Geometry 4
not show much sensitivity to the manner in which the supply

Re,,

of a total of seven conical bumps made up in two staggered ro
of four and three cones each. Compared to the baseline geomé
the total wetted heat transfer area on the middle brass piece
L?fcgz?)srsgtrti)gsai)oauntsg psrrgse:rt]'tﬁdﬁ?]n;?; ngoghcg\,tvgigroénég;l:t?y nnel was fed; thus, the results of inflow from both ends are not
a maximum increase in the Nusselt number of about 7.5 perc wn due to space limitations. Again, the smalléde, (5.2)

for Ree=40,000 andZ/di=6.2, and a maximum increase in theProduced higher heat transfer coefficients than the largef,
et Jet ' (6.2 for all cases. However, on a percentage basis it was not

nearly as high as in geometBy For example, at Rg=25,000 and
nominal outflow case, the increase in heat transfer coefficient

200 Solid Symbols : Z/d, =5.2 N from Z/d;,=6.2 to 5.2 for this geometry was about 3.5 percent
Hollow Symbols : 2/d 6.2 . while this increase for geometry 3 was about 6.2 percent. As
Inflow from one end . % geometry changes from 1 to 4, Nus_selt number decreases by about
. 8 n 5, 15, and 8 p_ercent for the nominal, crossflow, and one-sided
3 L] % cases, respectively, all for Re=40,000 andZ/d;,;=6.2, and de-
A L] % creases by about 10, 15, and 11.5 percent for the nominal, cross-
N . 4 . 8 flow, and one-sided cases, respectively, all fof,R€0,000 and
’} s 9 Zldje=5.2. It appears that cooling air did not come in good con-
g, N a tact with all available heat transfer areas around the ribs, particu-
< loor . 9 . larly the outer most surfaces. When the total wetted area for ge-
‘3 90 A % ometry 4 is used in comparison, the percentages change to
2z s increases in the amounts of 40, 24, and 35 percent, and 32, 25, and
80 g 30 percent, respectively. In spite of its higher overall heat transfer
area, geometry 4 was not as effective as geometry 3.
70 PY ©® Geometry 1
u Geometry 2 .
60 | a Gwm:z 3 Conclusion
. ® Geometry 4 Without the inclusion of the heat transfer area increase, the
50 © Geometry 1 conical bumps and the sandpaper roughness cases produced com-
O Geometry 2 parable results. However, when the contribution of the increased
& Geometry 3 area in the overall heat transfer is taken into consideration, geom-
40 " O Geometry 4 etry 3 for all inflow and outflow cases as well as the tifitule
10000 20000 30000 40000 50000 values proved to be the most effective geometry. Also an overall
Re, increase of about 40 percent in heat transfer can be accomplished
by roughening the leading-edge wall with conical bumps The con-
Fig. 14 A comparison between the area-augmented heat tribution of the heat transfer coefficient to this enhancement is
transfer results of all four target wall geometries in one-sided about 8 percent while the balance is attributed to the increase in
outflow arrangement the heat transfer area.
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Heat Transfer and Flow
Characteristics of an Engine
Representative Impingement
Cooling System

A study of a large-scale model of an engine representative impingement cooling system
has been performed. A series of tests were carried out to characterize the behavior of the
system fully. These included cold flow diagnostic tests to determine the pressure loss and
the static pressure distribution, and flow visualization to assess surface shear. The surface
shear stress pattern provided by multiple stripes of colored paint applied to the target
surface yielded important information on the near-wall flow features far from the jet axis.
The row solved flow and pressure distributions are compared to industry standard pre-
dictions. Heat transfer tests using the transient liquid crystal technique were also con-
ducted using coatings comprised of a mixture of three thermochromic liquid crystals.
Analysis of the thermochromic liquid crystal data was enhanced by recent developments
in image processing. In addition, an energy balance analysis of signals from fast-response

e-mail: geoffrey.dailey@rolls-royce.com thermocouples for air temperature measurement was applied to verify the levels of heat
transfer coefficients on surfaces not coated with the temperature-sensitive liquid crystal.
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posed a heat transfer correlation based on graphical evaluation of

Introduction
o . appropriate constants. Florschuetz ef2J3] conducted an exten-
A modern turbine internal cooling system normally employs allve study of several in-line and staggered impingement arrays.

optimized compination of several stlrategies such as fi!m, impingg- approximating the discrete impinging jets as a continuous in-
ment, and ”.‘”'“.'pass passage cooling, as shown in Fig. 1. .Sev 'é%hon process, they produced a simple analytical model of flow
aspects OT impingement COO“”Q are attractive to.the ENgN€ G4 in the channel. The flow field model is widely used through-
signer. It is a more robust design than film-cooling, in general . industry to calculate Reynolds number of each @G,

having larger holes that.have no sgrface in closg proximity to t &d the pressure drop through the channel. Obot and Tra#spld
external flow, and thus is more suitable for regions prone to e¥;

. . i . ; ) udied the effect of crossflow in arrays of circular impinging jets
ternal deposition. Itis easier t.o achieve uniformity of heat. transfg d introduced a correlation employing the concepts of minimum,
when compared to the multi-pass systems: Many impingeme&pte mediate and maximum crossflow in defining the exit of the
holes may be fed from a single plenum, rather than from a duct ent flow.
decreasing cooling _potentlal. . - Lucas et al[5] and Van Treuren et al6] studied the contribu-

Because of the wide range of applications of impingement coq,-

ina. th h b binati £ diff i n of the thermal boundary conditions to the overall heat transfer
Ing, there have been numerous combinations of difterent geOMeLqtficient at the target plate by controlling the impingement plate
ric, aerodynamic, and thermodynamic parameters employed. |

. . o . - mperature. The term “jet effectiveness” was used to express the
pingement geometry is generally specified usifig:the ratio of P J P

L. . . L influence of the impingement plate temperature on the target plate
impingement hole diameter to the thickness of the impingeme ping P b 9etp

plate,|/d; (2) the ratio of the channel height to hole diameterfgalabatlc wall temperature. Lucas et ] reported that, for a
z/d; (3 & 4) the nondimensional orthogonal spacing of the im-
pingement hole array,/d andy,/d. The flow parameters are the
Reynolds number of each jet, Réhe ratio of the crossflow mass
velocity to the impinging flow mass velocityG/G;, and the
Prandtl number. The Mach number is usually low enough to be of
little concern, and this is the case in the current study. Addition-
ally, the nozzle geometry and the shape of jet hole significantly
affect the cooling characteristics.

Many efforts have been made to produce a comprehensive cor-
relation that covers the full range of geometric, fluid, and thermal
parameters. A two-dimensional array of jets has a three-
dimensional flow pattern near the target surface and between the
jets where vortical structures form. Kercher and Tabakbfcon-
sidered the spent air in an array of round impinging jets and pro-

IMPINGEMENT TUBES

Contributed by the International Gas Turbine Institute and presented at the 45th
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger-
many, May 8-11, 2000. Manuscript received by the International Gas Turbine Insti-
tute February 2000. Paper No. 2000-GT-219. Review Chair: D. Ballal.

PLATFORM FILM COOLING HOLES . Cooling air

Fig. 1 Nozzle guide vane cooling scheme  [15]
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Fig. 2 Impingement cooling system with staggered hole array Equa_tipn(z) is then sqlved numerically for the Io_cal heat transfer
and nomenclature coefficients from the times=t, t,, andts, at which the surface
reaches the calibrated liquid crystal temperatures. At each pixel
location, the solution i, which can minimize the rms residual of
. ) . - three crystals, is chosen.
single confined jet, the temperature of the impingement plate hadProngss in the hardware used at Oxford has centered around a
i ;I_ggm\‘/::rr:tngfgn oer: at[h7e] ég;}%‘ztctggtg sﬁ?ets té?gfeérfﬂm change in the frame-grabbing strategy. The card that digitizes the
S L - P Rideo recording is fitted to a Pentium PC and the data stored
fo_r |n_-I|_r!e and staggered impingement arraysZif=1, 2, and 4 directly in computer RAM. The computer has 512 Mbytes of
with initial crossflow. They accurately controlled the temperaturﬁAM and is capable of aéquiring 500 full frames. In practice
?g;hiér:gﬁgee;ﬁr:t elr]zi;efelsr]ulttge Hﬁigze :goieég?n%%;ﬁ?m?;?n partial frames are used to resolve typical heat transfer coefficient
Y ; o . results accurately, and this allows more frames to be captured. In
heat transfer throughout the array. The recirculation in the i ddition, not every frame is required for heat transfer data pro-

pingement channel provides a mechanism that thermally coup ees_ssing. A typical heat transfer test lasts 30 seconds. A time signal

th_e in_]pingement plate_temperature to the target surface. This el aptured in the each frame and used to determine the elapsed
pling influences the adiabatic wall temperature and hence the |Oﬁ e to obtain a referenced signal intensity

heat transfer. Gillespie et al8] investigated an integrally cast
impingement cooling geometry, in which the impingement air is Test Rig. The schematic of the test facility is shown in Fig. 3.
vented through film cooling holes. There is no existing correlationhe mesh heater and additional plastic meshes equipped with
that covers the entire range of flow and geometric parameters.thermocouples are fixed on separate frames and installed in re-
The present study investigates the heat transfer and flow chegssed channels in the test plenums to minimize leakage and mis-
acteristics of an existing turbine internal cooling system of one afignment. Impingement and target plates are interchangeable.
the family of Rolls Royce engines, and a similar geometry with @he inlet to the rig is atmospheric; flow is sucked through a mesh
uniform array of impingement holes. The particular impingemerieater 210 mm upstream of the impingement plate in the inlet
geometries are in the rangé/d=3.0—-4.8,yh/d=3.75-6.0, and plenum. All of the flow enters the cooling channel through the
z/d=1.875-3.0. A schematic diagram is shown in Fig. 2. Thgnpingement holes and exits to an exhaust plenum. The mass flow
two systems have a staggered array of uniform and nonunifofgite is measured using a BS1042 orifice meter installed in the pipe
impingement holes arranged in five columspanwisg and six work between the exit plenum and the vacuum pump. A gate
rows (streamwisg The spent air exits from the streamwise downvalve installed immediately upstream of the pump controls the

stream edge of the impingement channel. appropriate mass flow rate for each test.
During transient heat transfer experiments, 5 pressure signals
Experimental Techniques and 12 thermocouple signals are monitored using an 8 channel

A/D converter card and a 32 channel multiplexer installed in a PC.

Theory and Data Reduction. Heat transfer measurements inThe typical sampling rate is 20 Hz and approximately 1500 data
impingement systems are difficult for a number of reasons. Tipeints per channel are acquired in each test using National Instru-
local heat transfer coefficient changes by a large factor fromnaents “Labview” software.
peak near the stagnation point beneath the jet to significantlySurface temperature measurement was achieved using a coating
lower values away from the jet in the channel between the inof three narrow band liquid crystalsupplied by Hallcrest LCT
pingement and target plates. One difficulty specific to the transidrtd.). These are able to record single temperature events at 30°C,
method is the problem of quickly establishing the flow at a tem-
perature different from the starting temperature. In a typical im-
pingement array, the area ratio between the inlet plenum and the
total cross-sectional area of the jets means that the flow velocity
the plenum is very lowtypically 0.1 m/g. The flow temperature ﬂ ﬂ ﬂ
switching in these experiments is achieved using a planar hee
mesh fitted across the plenum flow. The experiments start wh
power is switched to the mesh. Prior to this, room temperature :
is drawn through the heater mesh and model to establish the fl
field. As the velocity through the heater mesh is low, a ste
change in the power supplied does not cause the flow temperat
to change as a step. The normal surface temperature respons
the perspex substrate under a step change in fluid temperatur
given by the familiar equation,

Mesh Haatar
Plastic Mash

Impingement Plate

!’/,f Exhaust Plenum

T=To+(Tqg—To) - |1 p(hztx fc(h\/I (1) g Ligh Orifice  Val

= - | 1—exp —| Xerfcf — it ght rifice alve

0 e e pck pck D Flats

When the driving fluid temperature changes with a known tim Video Camera

constantr, i.e.,T:T0+(Tg—To)(l—e’“’), the equation for the

surface temperature rise beconi@$ Fig. 3 Schematic of test facility
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34.5°C, and 37.5°C with an estimated uncertainty-0£2°C. This 4
wide range of temperatures allows heat transfer coefficient datas, 3
be obtained over the full surface in a single test. The liquid cryst
coating was applied not only to the target surface, but also to tm. g
impingement plate downstream surface, where there can be c1
siderable heat transfer. The signal of the three fast response tt
mocouples located in a noninvasive plastic mesh of low therm
capacity, 10 mm downstream of the mesh heater, shows tempe
ture uniformity of heated air at the inlet plenum within 1°C.

160

20 80

Results and Discussion ) o
Fig. 6 Nusselt number distribution on target surface under

Detailed Heat Transfer Data. Full local heat transfer coeffi- nonuniform impingement array at Re ;5,4=29,440
cient distributions have been measured on the target and impinge-
ment plates using the transient liquid crystal technique. A cap-
tured image of the entire target surface is shown in Fig. 4. under each impinging hole, which includes the peak value of heat
The dotted rectangular area represents the selected symmateasfer; second, the wall jet where high Nusselt numbers persist;
area used in subsequent data processing. The locations of the thirel, the mixing boundary between adjacent jets.
face thermocouples installed to monitor the temperature rise durfigures 7 and 8 show the target plate longitudinal centerline
ing the transient experiments are also shown in the figure. TNeiIsselt number distributions under uniform and nonuniform array
portion of the original image taken for processing has a resolutianrays of impingement holes. The distributions are normalized by
of 60X 300 pixels and the processed data were interpolated ont¢he tried and tested Dittus—Boelter correlation using the channel
40x140 pixel grid. exit condition. In the figure, eack-direction grid line indicates
The Nusselt number distributions on the smooth target platige center of an impingement hole. So the displacement between
with the uniform and nonuniform staggered impingement holée peak values of Nusselt number and xhgrid lines shows the
arrays are shown in Figs. 5 and 6, respectively. The differencedffect of crossflow on the position of the stagnation point.
distribution caused by the changing hole size and reduced eaByuchez and GoldsteifilO] reported that crossflow moves the
crossflow is apparent. At the left-hand side of the channel, it gosition of peak heat transfer coefficient downstream and reduces
notable that the heat transfer footprint under each jet is approks level. The stagnation values increase with increasing local Re
mately circular. At exit of the channel these are larger and highfgr uniform array. This is not the case between holes 3 and 4 in
distorted, the footprint of the nonuniform array at exit being botthe nonuniform array, where the hole diameter increases by 33.3
larger and less distorted than that of the uniform array. The Nusercent. This is due to the need to nondimensionalize the heat
selt number distribution on the smooth target surface can be char-
acterized by the following three zones: first, the stagnation area
2.00

[=11]
__ e jg -» I‘ Stagnation
™ = 1.60 g Point disp.
> Surface Thermocouples . 3,
Y ‘g 1.20 g
Zg Ry W
‘g 0.80
2 J\
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0.00 ] ] 1 ] ]
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(a) Centreline of row 1, 3, and 5
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Fig. 4 Captured image and selected area for processing § 1.20
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g 080
30 3 k.
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it
20 (b) Centreline of row 2, 4, and 6
Fig. 5 Nusselt number distribution on target surface under Fig. 7 Variation of local Nusselt number along the jet center-
uniform impingement array at Re  ;,,=28,870 lines: uniform hole array
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Fig. 9 Spanwise-averaged Nusselt number distribution: (a)

uniform hole array; (b) nonuniform hole array

Fig. 8 Variation of local Nusselt number along the jet center-
lines: nonuniform hole array

ficient is to increase moving toward the exit of the array. This

transfer coefficient by a single value of hole diameter to avoiglend is caused by the increasing hole diameter of the nonuniform
having a discontinuity through the array. The average diametaray. It is not initially obvious why this should be the case, as in
was chosen. This has the effect of increasing the stagnation paath case the Nusselt number distributions at the stagnation point
Nusselt number level by 25 percent in the first three rows of holeshow an upward trend through the array. If we, however, consider
reducing the level by 3.8 percent in rows 4 and 5 and reducing ttiee shape of the footprint surrounding each jet, the effect of addi-
level by 21.9 percent in row 6. tional crossflow is to steepen the drop in Nusselt number. Looking

The effect of crossflow can be seen in the shape of the Nussaitthe uniform arrayFig. 8@)), in the first row the Nusselt num-
number distribution surrounding the stagnation region. On the ulper drops to 70 percent of the stagnation point level d.83wn-
stream side of the stagnation point, the drop in Nusselt numbersiseam of the hole. At the third row, while the stagnation point
generally much steeper than on the downstream side, whereNusselt number has risen by 15.9 percent, 70 percent of this level
attenuation in this drop, at about 1-1.8 jet diameters from the jetcurs at an average of 1@7rom the stagnation point. At the
axis is more pronounced. This attenuation is usually attributed fith row, the stagnation point Nusselt number is 28.0 percent
transition from a laminar to a turbulent wall jet on the targehigher than the level in row 1, but 70 percent of this level now lies
surface. The sharp drop in Nusselt number on the upstream sidenfaverage of 1.@Dfrom the stagnation point. Remembering that
the jet may be attributed to rapidly decelerating flow in these symmetric jet profile covers a linearly increasing area moving
regions. away from the jet axigas each point lies on a circumference of

Compared with the high performance region of the stagnatiamcreasing radius the coefficient region toward the jet axis can
area, the Nusselt number in the mixing boundary area has levetsinteract the increasing Nusselt number at the stagnation point.
of order 30-50 percent of the peak heat transfer coefficients. Garthe case of the uniform array tested, this happens to produce an
don and Akfiraf 11] observed that secondary peaks in heat tranapproximately uniform variation through the array.
fer rate occur midway between impingement jets where the wallsin the nonuniform array the hole size increases through the
jets meet and interact. Koopman and Sparfd®] explained the array, and the crossflow that degrades the jet footprint in the way
higher level of heat transfer of multiple jet is due to the action afescribed above is not as strong; see Fig. 15. This is clear from
adjacent jets in inhibiting spanwise dispersion. In Figs. 7 and 8tfie nearly circular patterns seen under rows 1-3 in Fig. 8. The
is clear that the secondary peak in this region is deflected muagion of high heat transfer coefficient is reduced in the first three
farther downstream than the stagnation point in the presenceraivs as the holes are 25 percent smaller than in the uniform array.
crossflow. The drop in Nusselt number to 70 percent of its value at the

Taking the high resolution data from the liquid crystal imagestagnation point occurs at approximatelyd..&ven at row 5 this
it is possible to produce spanwise-averaged Nusselt number dialue occurs at an average 1d3fom the jet axis; however, here
tributions, shown in Fig. 9. For the uniform array, the distributiotthe jet diameter is close to that of the uniform arfef; 1.0ad) in
is reasonably uniform through the entire array, compared to thiee uniform array. The spanwise-averaged values of Nusselt num-
nonuniform array, where the trend in average heat transfer cobér therefore show an increasing trend moving through the array.
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than 2°C between the calculated and measured inlet driving gas
Fig. 10 Comparison of total average Nusselt number temperature was found over several test runs. This difference is
due to the heat loss through the plenum wall upstream of impinge-
ment plate. The results verified the validity of the assumptions
In fact the total average Nusselt number for the two arrays turnsed in the transient heat transfer technique for this experimental
out to be nearly the same, and the values are shown in Fig. 1iQ.
Data from Florschuetz et al3] for a similar hole configuration Enerav Balance Techniques. The results presented so far ac-
are also shown in the figure for comparison to the present eXpecr(i)'unt c?rill for heat trans?erred to the tar gt surface of the im-
mental data. While there are no data in thg Rgrange tested, y 9

Florschuetz’ data lie on either side of these tests. The experim@ ngement channel. Another approach was applied 1o estimate

verall heat flux on all surfaces of the channel using an energy
tal data appear to be very well matched to the Florschuetz dat alance between the enthalpy of the flow through the system and

The uncertainty in values ofi measured using the transient heat transferred to all wetted surfaces. These surfaces included
method employed above was calculated and reported in detall T . S
upstream impingement surface, downstream impingement sur-

Son et al[13]. The total uncertainty is calculated as 7.2 percen ace, impingement holes, side and end walls, and target surface as

Heat Flux Measurements. The validity of the assumption of shown in Fig. 12.
one-dimensional conduction to a semi-infinite substrate, and anFor the analysis, each row was considered in t@g:andG;
unchanging heat transfer coefficient, used to solve the Fourieere calculated from the flow analysis model described below,
equation can be investigated by the considering the local heat fiaixd were used along with E¢B) to estimateQ;,, Q;, andQy;:
at the model surface. A typical comparison between the measured
initial temperature and gas inlet temperature and the adiabatic Qin+Qj=E Awart * Awar + Qout (3)
wall temperature before and after heating the flow is shown in Fig. : :
11. The thermocouple analyzed was positiones/at=0.42 and \here
y/w=0.5. At this position the heat transfer is influenced by flow
from the fourth row of holes and the upstream crossflow. Any Awal, = { Aimpup: Gimpholes dimpdown; Cltar: side & endwall3 -
upstream wall temperature effect on the local driving gas tempera+
ture should be apparent at this position. The local heat flux canﬁ@,x
determined numerically from the time-temperature history at
local surface thermocouple using an algorithm given in Schul§
and Jone$14]. The constant slope of the locus of heat flux wit

rom the measured detailed heat transfer data, the average heat
to the target surfacey,,, was calculated. The heat flap,, ;

r the other walls were assigned values correlated by Gillespie

| in a cast passage impingement geometry. His correlation equa-

temperature indicates an unchanging heat transfer coefficient jgns were developed for a slightly different cooling configuration,
p 9ing : ich included film cooling fed from the impingement cavity.

tably this is unchanged when heating or cooling the substrate. By, era)l change in enthalpy was calculated for each test case
extrapolation, the temperatures at which there would be zero h H the calculated exit gas temperature was compared to mea-
flux to the wall are found. In the case of heating this adiabatic wall, o 4 a5 temperature at the exit of impingement cooling channel,
temperature is the theoretical inlet driving gas temperature, ap 13b). The calculation showed good agreement between the

with the subsequent cooling it is the temperature of the cold flom ) .
e . . easured Tex mess @nd calculated Ty ca) €Xit gas temperature
(the initial model temperatuye A maximum difference of less with a maximum difference of 2°C in the case of the uniform

array and 2.5°C for the nonuniform array.
Figure 13 shows distribution of heat flow through rows. For the
Mesh Heater On Mesh Heater Off first row, heat flow rate through the end wall was included. In

5000 ~ each row Fig. 18) shows the contribution of each surface to the
& 4000 ' ‘ overall heat transfer. The target plate has the most significant
2 o 3000 ™~ ;ﬁwmwwfgigg . contribution, while heat flow to the impingement plate, which
=X - / \ gan el may be in good thermal contact with the blade surface, lies at
g».eé i : / approximately 50 percent of this level.
o= 1000 / J Flow Visualization. Mixtures of powder suspended in oil
£z o \ ] ' were employed to visualize the surface shear on the target sur-
%’E -1000 e oL B g0 ®  faces. Color visualization techniques were used to identify the
£3 - T measureq™19-2 mixing region of neighboring jets. A zinc oxide and lampblack
g "Ik calcatated™ 1 00 N L s powder and methylsalicylate oil mixture were used; later yellow,
T  .3000 _Heat'T?ansfe,cMmciemx 10 green, and red colored powders mixed with the same base oil were
4000 =~Cooling Process used to produce striped regions. A 1:1 mixture of powder and oil
Temperature (deg C) was found to provide the best results. For increased visibility, the
target plate was covered by a white plastic sheet prior to the tests.
Fig. 11 Heat flux analysis and adiabatic wall temperature This also protected the perspex from the oil. Black grid lines,
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Row Fig. 15 Comparison of G./G; distribution through the im-
{a) Fractional Heat Flow Rate pingement channel
120 - B0
100 + 50 O bori . .
z  boring wall jets meet, they coalesce and I_eave the surface, migrat-
2 g0 4 |42 ing toward the impingement plate. The figure also shows the lo-
£ E cation of the stagnation point under each jet. While under row 1
“; &0 4 L ap =  the stagnation point lies on the centerline of the jet, for row 6 it is
2 § clear that the jet deformation caused by the increasing crossflow
B 404 L 20 = the stagnation point is moved slightly downstream.
@£
w
= - B Q wall total . Static Pressure Distribution and Pressure Drop. For im-
* Texit cal ©  pingement into a smooth cooling channel, Florschuetz €t34l.
0 Lo presented an analytical flow field model, which can predict the

flow parameters in an impinging system. This employs a continu-
R ous injection model, where discrete injection at rows of impinging
jets is distributed over the full impingement plate. The predictions
(b) Total Heat Flow Rate and Row Exit Gas Temp {‘rom the model were compared F:o ?he statig pressurepdistribution
) o . and overall pressure drop measured through the impingement
Fig. 13 Heat flow rate distribution: uniform array, Re ;a4  quct.
=28,870 Static pressure measurements were made along the streamwise
centerline of the channel using a hypodermic tube. The measure-
) - ) o ments were taken at midheight between the plates. A radial hole
representing the position of the centerline of the impingemegt diameter 1 mm was drilled in the hypodermic tubeternal
holes in the array, were drawn on the sheet. The oil-powder mirameter 1 mm10 mm from the sealed end of the tube. Measure-
ture was painted onto the sheet using an artist's paint brushffents were made relative to atmospheric pressure using a digital
ensure a smooth finish. For color visualization, different C0|0f[§ressure transducer in the data acquisition system. The flow was
were used in strips under adjacent row of holes. Each color cQyhheated; otherwise the flow conditions were identical to those in
ered half a hole pitch upstream and downstream of each rowgk heat transfer tests.
holes. In Fig. 14 the surface shear pattern is shown on the targethe measurements were conducted at two different orientations
surface. The impingement plate used was of uniform hole diamf the static pressure tapping on the probe. This demonstrated the
eter with a staggered array of holes. The area on the surface éfect of the impinging jet and crossflow on the measured static
rectly affected by each of the impinging jet has a repeatable aftessure. The results are compared in Fig. 16. The three excur-
proximately hexagonal shape, surrounded by a mixing area whefgns in the measured static pressure are caused by the proximity
the flow interacts with the adjacent jets. The area covered by eaﬁhthe impinging jet to the probe at these sites. In all the cases

hexagon is slightly smeared downstream in the presence of fresented, the Florschuetz model predicts the flow field well for
creasing crossflow. It was noted that the color of the downstream

stripe is predominantly seen in the mixing region between the wall
jets from adjacent rows of holes. Where the flows from the neigh-

2 A
2000 A

1000
m;?as: ggggg ::g: -8-Probe d?reci?on: toward exit
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Fig. 16 Static pressure distribution through the impingement
Fig. 14 Shear stress visualization on a smooth target plate channel: nonuniform array
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the impinging duct. It is also notable that the hole orientation of 7 = time constant for the exponential temperature change
the hypodermic probe did not affect the measured static press‘éﬁbscripts

Summary avg = average

N . = crossflow
The performance of an impingement cooling system was care- ¢ _ crosstlo
cal = calculated

fully investigated by conducting flow field and transient heat d = hole diameter
transfer experiments. . Y
The detailed heat transfer coefficient distributions on the targefrgpt _ |nk1]p|nge|mey:t
surface, measured using the transient liquid crystal technique, X B channet exi
showed the effect of changing hole diameter and increasing cross- g B gnis'n ement hole
flow in the channel. B :j Pl gt n
Using existing data on heat transfer on the other surfaces of th(g,-wr.1 — downs reamt ot
cooling channel, it was possible to estimate the heat flow to all thrﬁ afs= ﬂé);r;gfé?jen 1€
wetted surfaces accurately, suggesting that they are less strong$ | lenum
affected by changing impingement geometry. The heat flow ps _ Eurface
through the impingement downstream surface is about 50 percen%pn _

of the target surface value. st = zt)gir(l:mse
Thermocouple data showed that the assumptions of constantSt — stagnation
heat transfer coefficient and a semi-infinite substrate were valid ta? _ target

for this series of tests. 0
Shear stress patterns on the smooth target plate under the stag-

gered impingement hole array clearly showed detailed informa-

tion such as the stagnation point of the jets, the developmentRé&ferences

the wall jet, the mixing area between jets, and crossflow eﬁeCtS'[l] Kercher, D. M., and Tabakoff, W., 1970, “Heat Transfer by a Square Array of
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Mist/Steam Heat Transfer in
x..i | Confined Slot Jet Impingement

J. L. Gaddis Internal mist/steam blade cooling technology has been considered for the future genera-
T Wang1 tion of Advanced Turbine Systems (ATS). Fine water droplets of ahaut Were carried

) by steam through a single slot jet onto a heated target surface in a confined channel.
Experiments covered Reynolds numbers from 7500 to 25,000 and heat fluxes from 3 to 21
kW/n?. The experimental results indicate that the cooling is enhanced significantly near
the stagnation point by the mist, decreasing to a negligible level at a distance of six jet
widths from the stagnation region. Up to 200 percent heat transfer enhancement at the
stagnation point was achieved by injecting oahl.5 percent of mist. The investigation
has focused on the effects of wall temperature, mist concentration, and Reynolds number.
[DOI: 10.1115/1.1331536

Department of Mechanical Engineering,
Clemson University,
Clemson, SC 29634-0921

Introduction turbulence intensity and nozzle geometry. However, few studies
To improve the overall efficiency of gas turbine engines, ’[hréé.we been found on mls_t jet impingement, including air—water
mist and steam—water mist.

t_urblne |n|_et temperature and COMPressor pressure ratlo_ are COMyachters et alf4] considered the impact of droplets about 60
tinuously increasing for the next generation of gas turbine sys-

tems. As a result, even with the potential advancement of fut M impacting a heated surface in the range of 5 m/s. Impinging

: . . - : .dcrf?oplets could only maintain the spheroidal state with relatively
high-temperature materials, highly efficient gas turbine engings .
: . |gh surface temperatures. The required temperature depended on
are expected to continue to operate at temperatures much hlgtrr‘1errmal properties and roughness of the surface as well as the
than the allowable metal temperature of the turbine airfoil

Web ber of th lets. In the spheroidal stat |
which, in turn, makes effective cooling of the airfoils essential. rateese;fnkl:g;lt ?I:w(\)/ we?ed(;(t))zgr\fedn e spheroidal state very low
. Wwith recer_ut adoptions of closed-loop ste_am cooling by two ma- Goodyer and Waterstofb] considered mist/air impingement
jor ga; _lt_urtt))l_ne Qar:ufag_l;rseiﬂ,z] f(_)r theltr r}eavty-frarlne_ ?? for turbine blade cooling at surface temperatures above 600°C.
vanced Turbine Systent ). @ major part of external air-film They suggested that the heat transfer was dominated by partial

cooling load will be replaced by internal steam cooling. Gene ontact between the droplets and the target surface, during which

ally, the internal heat transfer coefficient is required to be in thge 4o pjets vaporized at least partially. A vapor cushion and the
range of 8006-10,000 W/nt K in order to replace the cooling gjastic deformation of the droplets were responsible for rejecting
load currently shared by external air-film cooling. Liquid watef,q droplets. Addition of 6 percent water was found to improve
can achieve this goal easily, but problems with instability whegq stagnation point heat transfer by 100 percent, diminishing

boiling occurs have discounted its chances. With the availabili%,ay from the stagnation point. Droplet size was found to have
of steam from the bottom cycle of a heavy-frame ATS, mist/steafiyje ‘effect for 30 um < ds,< 200 xm.

cooling has been introduced by this research gi@ias a poten-  Takagi and Ogasawafé] studied mist/air heat and mass trans-
tial means to enhance the internal cooling effectiveness of turbigg in a vertical rectangular tube heated on one side. They identi-
airfoils significantly. The advantages and reasons for using migiq wet-type heat transfer at relatively low temperatures and post-
steam cooling, a comparison of mist/air and mist/steam coolingsout type at higher temperatures. In the wet region the heat
and a review of previous related studies have been presentedyliyisfer coefficient increased with increased heat flux. In the post-
Guo et al[3] and are not repeated here. dryout region the heat transfer coefficient increased with droplet
Basically, the concept of using mist/steam cooling to enhanggncentration and flow velocity and with decreased droplet size.
cooling effectiveness is based on its following featufeslatent Ganic and Rosenho{i7] studied the effects of dispersed drop-
heat of evaporation(b) increased specific heaf;) steeper tem- |ets on heat transfer in a gas flow. They demonstrated that the total
perature gradient near the waltl) lower bulk temperature(e) heat transfer flux is the sum of a single-phase component and a
increased flow mixing induced by steam-patrticle interactions a@@mponent due to direct impact of the droplets. In trajectory
particle dynamics, andf§ additional momentum and mass transanalysis of droplets in the temperature boundary layer, they in-
fer induced by evaporation of liquid droplets on/near the wall. cluded a lift term arising from faster evaporation on the side of the
Jet impingement cooling has been applied widely to providgoplet nearer the wall where the gas temperature is higher. The
high heat transfer rates in many industrial processes, including #iigher evaporative rate gives rise to a momentum imbalance
hardening and quenching of metals, tempering of glass, and cogduivalent to lift.
ing of electronic components. The early studies show that jet im-Mastanaiah and Ganf&] conducted experiments on mist/air in
pingement cooling is better than channel cooling for gas turbingge post-dryout region in a vertical circular tube. Performance
especially for the leading edge of the turbine blades. Single-phafgpended mainly on wall temperature and was independent of the
jet impingement has been studied extensively, including heaass velocity for a range of temperatures in film boiling. They
transfer at the stagnation point, local heat transfer, and effectsgaihfirmed the heat transfer coefficient decreased with increased
wall temperature.
!Current address: University of New Orleans, New Orleans, LA. Yoshida et al[9] focused on the effect on turbulent structure
Contributed by the International Gas Turbine Institute and presented at the 49{lth g suspension of 5Qm glass beads. In the impinging jet

International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger- . th locity d dd to th b d of bead
many, May 8-11, 2000. Manuscript received by the International Gas Turbine Indi?910n, the gas velocity decrease ue 10 the rebound of beads,

tute February 2000. Paper No. 2000-GT-221. Review Chair: D. Ballal. accompanied by an increase in the normal direction velocity fluc-
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tuations. In the wall-jet region the effect was slight. The Nusselt Steam Line
number was found to increase by a factor of 2.7 for mass flow “—— Water Flow
Strainer Water Line
¥

ratios (solid/gas of 0.8. <+— Steam Flow
Lee et al.[10] studied the dynamic depositional behavior of % Mis/Steam Flow
droplets in a mist/air flow in a vertical rectangular channel with

one side heated. It was found that when the droplet diameter was Regulator G

30~80 um, a ‘“superbly” effective cooling scheme with ten E

times the heat transfer enhancement could be established by the Relief Valve &2 Stean Filter
evaporation of an “ultrathin” liquid film (56-100 wm). V

Buyevich and Mankevichi11,12 modeled the particles in the
mist as liquid discs separated from the wall by a vapor layer
whose thickness is that of the wall roughness. A critical impact ,mizer
velocity was identified to determine whether a droplet rebounds or
is captured. They applied the model to dilute mist impingement ;!
and reported agreement with experiment. L IWater Filter

Fujimoto and Hatt413] studied deformation and rebound of a
water droplet on a high-temperature wall. For Weber numbers of
10-60, they computed the distortions of the droplet as it flattened,
contracted, and rebounded. They used a simple heat transfer S
model to confirm that surface tension dominates vapor production waer Line
in the rebounding process. Hatta et [dl4] gave correlations of
contact time and contact area of the droplet with Weber number. Fig. 1 Schematic of experimental system

Guo et al.[3,15] studied the mist/steam flow and heat transfer
in a straight tube under highly superheated wall temperatures.
Droplet size and distribution were measured by a Phase Doppielllecting pipes are at both ends. The whole test section slides
Particle AnalyzeXPDPA) system. It was found that the heat transhorizontally and moves vertically by insertion of shims. Flexible
fer performance of steam could be significantly improved by addilicone rubber tubes are used to connect the test section with the
ing mist into the main flow. An average enhancement of 108ixer and the condenser to implement movement in both direc-
percent with the highest local heat transfer enhancement of 2@$hs. The container is made of aluminum to reduce the total
percent was achieved with 5 percent mist. Guo e{®] per- weight and assembled by bolts. Based on other studies and the
formed an experimental study on mist/steam cooling in a highttcommendations from industry and limited by the steam-line ca-
heated, horizontal 180 deg tube bend with the same experimergability, the rounded-entrance slot size is 5100 mm with a
facility as above. Due to the effect of centrifugal force, the outetozzle-to-target spacing of 22.5 mm. The channel length is 250
wall of the test section always exhibited a higher heat transferm. This size of slot jet gives a Reynolds number of about 25,000
enhancement than the inner wall. The highest enhancement @fth a jet velocity of about 30 m/s. Droplets with very high ve-
curred at about 45 deg downstream of the inlet of the test sectitgicity may damage the heated surface, especially for a long period
Only a small number of droplets could survive the 180 deg tuisf operation. Therefore, the jet used in this study is scaled up from
and be present in the downstream straight section. The overa industrial application to achieve the current Reynolds number.
cooling enhancement of the mist/steam flow ranged from 40 ®@n the plus side, these dimensions are convenient for optical
300 percent with maximum local cooling enhancement being overeasurement.
800 percent. It increased as the main steam flow increased, bufo cover more extensive areas and prevent overheating, five
decreased as the wall heat flux increased. discrete heater elements are used. The segmented heated surface is

mounted firmly to a backup plate of high temperature and low
thermal conductivity. The middle one, which covers the stagna-

Experimental Facility tion point, is only the half width of the other four identical ele-

) ) ~ ments(38 X 76 mm). Five heater elements are in series electri-
Experimental System. The overall experimental system is

shown in Fig. 1, which consists of four subsystems: steam system,
water system, atomizing system, and test section. The steam svs-
tem supplies the main steam flow used in the experimental stu
The high-pressur¢about 8 bar steam extracted from the steam
pipeline existing in the building becomes clean and dry saturat
steam after passing through a strainer, a regulatory system, a de
perheater, and a filter tube. The saturated steam at about 1.5
then enters the mixing chamber and mixes with the mist from tt
atomizer system. The mist/steam flow enters the test secti
through a flexible silicone tube and goes to the condenser, whi
it is cooled down to water. Water supplies the atomigddee
Industries, Ing.through a high-pressure pump to produce drople
with an average diameted{y) less than 1Qum at 68 bar. Any
extra water in the mixer goes to drain through a steam trap. T
arrangement of nozzles in the mixer has an important effect on t
mist/steam flow. Four nozzles are connected by two valves
allow one, three, or four to operate together.

The test section is designed to implement heat transfer me
surement as well as optical penetration. It consists of a single s
jet, heaters, thermocouples, and optical windows. Figure 2 sho
the layout of this test section. A tube 25 mm in diameter and 1:
mm long connects the 50 mm flexible tube to the settling cham-
ber, which is 70x 100 mm in cross section and 60 mm long. The Fig. 2 Design of test section

To Drain
Pressure

Flow Meter Gage Safety Valve

Power
Supply

Cooling Water

Condenser

To Drain

Secttling Chamber:
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cally. Stainless steel she€fype 316, with a thickness of 0.4 Table 1 _Results of uncertainty analysis

mm, is used for the four larger elements. The center element is Resultants Nominal Nth-order Largest
copper nickel with one-fourth the electrical resistivity of stainless Value Uncertainty (%) | Source
steel. This yields an approximately constant heat flux within 10 my/m; 2.43x107 19.3 At
percent. Re 15300 1.65 1,
_Two Ia_rg_e, flat Pyrex windows are use(_JI to cover the whole q" 13.4 (kW/mD) 543 Ve
S|d_e-conf|n|ng wall of the_ channel. Sl_Jch big WII_’]dO\_NS make the h 268 (W/m'K) 627 V ot
optical measurement easier and the direct examination on the con- [y 161 6.50 .

dition of heated surface possible. The data at different locations
can be obtained by moving the test section or the optical system.
Compared with moving the jet issuing plate while a small window

IS lésed' th'sl'. slchem?_ can al\l/)vlays naak_e a symmetréc flow Clor;]d't' Bratures are measured by thermocouples electrically insulated by
and cause little sealing problem. O-rings are used to seal the Qit5 4t the back of the heater. Since the temperature drop across

tic_zi\_Lwindows. on is directly heated b a D W whi tq_e heater is less than 0.5°C, which is negligible compared with
& test section is directly heated by a DC power supply, whig w—T;), the temperatures of the thermocouples are used as the
has a maximum voltagef@ V and a maximum current of 750 A. |\, | temperatures.

To maintain a dry and clean window, hot d200°Q from an e heat flux on the heater can be obtained from the heating

auxiliary heater is used to heat the window. power divided by the heating area, assuming the heater has a

uniform thickness. In fact, the heating power can be obtained

directly from the electrical resistance of the heater components
Droplet Measurement. The droplet measurement is conductednd the current passing through the heater as follows:

by a Phase Doppler Particle AnalyzZ&DPA). Two laser beams v 12 2

(488 nm, greenwith a waist diameter of 0.115 mm are issued q"=1¢/6B 2)

from the transmitter and focused on the same region, which geghere| is the current passing through the heater @ni$ the

erate the fringes for the PDPA system. The PDPA receiver angkistivity of the heater material§.andB are the heater thickness

analysis softwar¢Aerometricg produce data on velocity parallel and width, respectively. Calculation by this equation avoids mea-

to the heater surface, droplet size distribution, and droplet cowiirement error of the heater length and of the voltage across the

rate. The PDPA system is fixed; different measurement locatiorsst section due to contact resistance. In the current design, the

are achieved by moving the test section. supporting block for the heaters is ceramic with low heat conduc-

Temperature MeasurementAll temperatures are measured byg\./Ity and Itl ;]S sturrm:jnd?d by S(?t:{rated dstteam. Ad simple Ort'.G'
Omega 30-gagewire diameter about 0.25 mmChromega/ :‘n;enil%na lea clon ltjﬁ |on5mo e 'SE I.JS% toprow € a correction
Alomega (K type) thermocouples with braided fiberglass insula®' Pack heat loss less than 5 percent in data processing.
tion. A data logge(FLUKE Model 2250 is used to monitor and  Flow Parameters. Steam traps in the mixer, immediately up-
record the temperature. The thermocouples, along with the dateeam of the test section and from the condenser, allow determi-
logger, were calibrated against a standard Resistance Temperatigiton of average liquid flow in the test section. The velocity and
Device (RTD) system for nominal temperature uncertainty ofize of the droplets are given directly by the PDPA system. The
0.3°C. To measure the temperature distribution on the heated sgincentration of the liquid phase can be found from the droplet
face, thermocouples are strategically placed at the stagnation peisrage diameted,,, and the data raté) of the PDPA system:
and at about 1, 2, 3, 5, 8, and 11 slot widths away from the jet
center. Only half of the heated surface is measured, while a single
thermocouple at the other side is placed to check for symmetry.
The temperature at the inlet of the test section and the temperatur
of water for the atomizer are also measured.

Experimental Instrumentation

K
my =5 pidon ®)

fh our experiment there appears to be frequent interruption of
the signal by droplets on the glass. Thus, the valueisftaken as
Flow Rate and Others. Steam flow rate is measured by arthe largest value of many observations. The liquid concentration
orifice flow meter. The catch-and-weigh method is also used @btained by the PDPA system is usually smaller than that obtained
measure the flow rates and calibrate the flow meter in-situ. Water the balance of flow rates.

flow from the trap under the mixer is essential to determine the Uncertainty Analvsis. Based on the methodoloay developed
water concentration in the mist. The water flow rates from the Y YSIS. gy P

traps just before the test section and at the bottom of the t gtMoffat [17], thenth-order uncertainty analysis is conducted on

section are also measured. The water flow rate to the atomizer a%h heat traln sfer and flow rate |(;1'th|_|s_, sbtludi/. I‘I’hefresuétshof urr: .
be adjusted by changing the pump pressure. certainty an? yshls are surpmgan |nga el lt Isd orl]mI that the
The heating power to the test section is obtained from the CLHr_wcertal_ntyh orh eat transler IS af Oﬁtv percent arll tFe arr]ge;sl,t
rent and the voltage across the test section. The current is givenslgyrce Is the heating voltage of the power supply. For the flow

the voltage across the precision shaatth a resistance of 1.333 Fate: although the uncertainty for the steam phase is very small,
the mist concentration has a large uncertainty, about 40 percent,

— 4

>.<10. 1) of the power supply. The voltage across the test S€4nd the largest source ¢t (sampling time. The main sources for
e uncertainty of Reynolds number are the steam viscagsity,
and the slot length. The uncertainty of Reynolds number is not

. . . large either. The detailed uncertainty analysis is documented by Li
Data Reduction and Uncertainty Analysis [lsg]. y y y

and after the steam filter indicate the pressure of the steam.

Heat Transfer Coefficient. For jet impingement, the heat
transfer coefficient is usually defined as

9" - . I
h(x)= T.0-T (1) Preliminary Experiments and System Verification. Pre-

W J liminary studies on single-phase steam jet impingement were con-
whereq” is the wall heat flux,T,, is the local wall temperature, ducted first to verify that the whole experiment system was reli-
andT; is the jet temperature. The steam saturation temperaturealsie. The results also serve as a baseline for mist/steam jet
taken as the jet temperature for the current study. The wall temmpingement. Different heat fluxes as well as different jet veloci-

Experimental Results and Discussions
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Fig. 3 Heat transfer results for steam-only flow at Re=15,000, x/b=2, and z/b=0.5

ties have been tested. Figur@Bshows the heat transfer results af2nde from—2 to 12 m/s with an average value of 5.6 m/s, which

the stagnation point. The following correlation can be used 8 due to the high turbulence of the shear layer in a jet impinge-
represent the data at the stagnation point: ment flow. It can also be seen that the droplet size does not have

a close relationship with the droplet velocity, which suggests the
Nuy=0.069 R&75p>-4 (4) droplets follow the main flow well. The distribution of the average
é(ﬂp!et _size obtained at different_ Iocations throughout the test sec-
number is D, two times the slot width. Figure(B) shows the ion indicates that the Qroplet size remains the same at all loca-
f fions except for the region close to the heated surface, where the

distribution of local heat transfer coefficient. The present resu .
are in basic agreement with prior studies. The power of the Re roplets become smaller along the wall because of evaporation.

nolds number in Eq(4) is higher than in other studies due to the | jquid Concentration MeasurementBy using both the catch-
narrow range of Reynolds number. In fact, the heat transfer resuisd-weigh method and the PDPA data, liquid flow rate was mea-
for jet impingement are subject to variations because of differegired for different steam flow rates and with different numbers of
nozzle designs, different heated surface condition, target difozzles. The results are listed in Table 2. The data range indicates
tances, and different turbulence intensity. The power for Reynolgife measurement uncertainty. The liquid concentration was found
number can range from 0.5 to O[&9]. Since the present study to decrease with the main flow rate. It was believed initially that a
does not focus on the effect of different flow parameters and dﬁ]gher steam flow rate would transport more ||qu|d However,
ferent configurations but only on the effect of water droplets ofyirther study found that the liquid flow rate itself decreases with
heat transfer, the steam-only tests support that this experimgfreasing steam flow rate. The possible reason is that high-

system is reliable without large bias error sources. velocity agitation of mist and steam in the mixer makes more
The symmetric character of the flow was examined by bo#iroplets hit the wall and drain out.

temperature and velocity measurements. The measurement result§lore nozzles produce higher liquid concentration, which is

including both steam-only flow and mist/steam flow, indicateslso indicated by heat transfer measurements. Direct observation
though not shown, that the flow is highly symmetric. found that liquid streams along the unheated walls, which means
some of the liquid collected by catch-and-weigh does not affect
the heated surface and the true liquid concentration in the main

The characteristic scale used in the Reynolds number and Nus

Two-Phase MisiSteam Jet Impingement

Results of Droplet Measurement for a Typical Cas@/ith the
experimental system proven by preliminary studies, the typical

behavior of mist/steam jet impingement is examined. The Rey- Table 2 Results of liquid concentration measurement
nolds number is 15,000 and the heat flux is 13.4 k¥V/Rigure 4 Reynolds Number Mist Concentration (%)
shows the typical distributions of the droplet size an{ of Steam-Only Flow [ Ope Nozzle | Three Nozzles | Four Nozzles
x-component velocity obtalneq by thg PDPA system at a speci 7500 3.0-4.0 6.0-8.0 3.0-10.0
location close to the stagnation regior/lf=2 andz/b=0.5).

- . h . 15000 1.0-2.0 2.0-35 3.0~4.5
The droplet size ranges from 1 to 1&n with an arithmetic aver- 250 0510 o 1520
age diameter of 3.2um. The velocity of the droplet has a largel 500 S-1 0-15 52
164 / Vol. 123, JANUARY 2001 Transactions of the ASME

Downloaded 01 Jun 2010 to 128.113.26.88. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



250 500 500 350
@ Steam Only @ Steam Only © Stcam Only @ Steam Only
O Mist/Steam a0qh, © O MistSteam O MisSteam 300 O MisvSteam
@ ) 400 q"=13.4 kW/m’ q"=7.54 kW/m’
200 8
- % 250} 1
o 230 o °| 5 & o
e 8 E =~ 300 @ <
: @ z 5 p @
= ®©0 Z0r O = 8 £ 200
9 - &8
150 e} 90 O ] %o
] © 2008 O
DO 100 ‘® @ (t) 150
. . o @
Tu=105°C Tu= 105°C - =103°C To=103°C
100 0 100 100
0 2 4 6 8 10 12 0 2 4 6 8§ 10 12 0 2 4 6 g8 10 12 0 2 4 6 8 10 12
x/b x/b x/b x/b
(a) Wall Temperature (b) Heat Transfer Coefficient
4 250
© Stcam Only
O Mist/Steam
3 q'=7.54kW/m’ ¢"=3.35 kW/m’
O Re=14,000 200
i D my/m=~1.5% 3
) H 8 8
= O =
150 2]
e &°
1 o O @) @]
O
Tuw=105°C & Tusio3c
100
0 0o 2 4 6 8 10 12
0 2 4 6 8 10 12 ob
x/b
(e) Ratio of Heat Transfer Coefficient Fig. 6 Wall temperature distribution at different heat fluxes

. . ) L (Re=7500 and m,;/m s =~3.5 percent)
Fig. 5 A typical heat transfer result of mist  /steam jet impinge-

ment (g”"=7.54 kW/m?, Re=14,000 and m,/m¢=~1.5 percent )

assuming an elastic rebound at expected velocities, the exposure

to superheated vapor causes about 0.1 percent of the liquid mass
flow is lower than the calculated value. This effect, varying witho evaporate. Therefore, it is deduced that most of the heat transfer
the main flow rate, can be used to explain partially the lower valemhancement is caused by other mechanisms. One possible
given by the PDPA method. mechanism would be the direct heat transfer from wall to droplet.
Some of the droplets may be captured on the wall for a short time

Results of Heat Transfer for a Typical Caseith a Reynolds before they rebound, especially at low wall temperature. The in-

number of 14,000 and a heat flux of 7.54 kV¥/nthe typical heat
transfer performance of mist/steam jet impingement cooling is
summarized as shown in Fig. 5. In Figapthe temperature dis-
tribution with mist is compared to that without mist, showing
clearly the depression in temperatures caused by the mist. T O Steam Only 250 O Steam Only |
heat transfer coefficient calculated by Hd), as shown in Fig. s} O o MisiSieam | o) O Misusicam
5(b), is considerably larger near the stagnation point. fdy q'=13.4 kWim 200 9T
<2 the mist effect is strong, declining to aboub=6 where it 2 ?@
becomes negligible. Figuré® shows the enhancement, which isz 1o 88
the ratio of mist to dry heat transfer coefficient of Figbp The < e
enhancement for this typical case is 150 percentfdr5 percent o e e
mist content at the referenced conditions. The mist effect is d = *° w“ o ]
pressed at the centerline compared with= 1, attributed to the e ’ G’;r _mfi
divergence of path lines resulting in defocusing of the mist tc T 0 -
gether with the existence of droplet rebound and multipl o2 4 6 8 10 12 o2 4 6 8 10 12
contacts.

The reduction in enhancement downstream could be due to la 800
of survival of droplets past the stagnation point or because tl @] © Stcam Only
droplets become thermally remote from the wall. In this case, as O MisySteam
typical, only a small fraction of the droplets must be evaporated 600 =335 kWini?
account for the heat transfer in the stagnation region. Therefc
the droplets do survive, a fact corroborated by the PDPA surve
in the downstream region. Therefore the only plausible reason f
negligible enhancement fot/b>6 is that the droplets have be-
come thermally remote. This contrasts with the observations 200k
Guo[15] in a straight tube, where the mist always maintained a 1 O
to 20 percent enhancement even far downstream. (i)@ ® 6 o

0
0 2 8

200 300

A
O

h (W/aifK)
2

400

h (W/n'K)

®]

Teu=103"C

An extensive study has been performed by18] to model the
dynamics of liquid droplets impinging on a hot surface and tran: ¢ xfb
ported in the boundary layer. Only a brief summary is given here.
A study of the droplet trajectory shows the droplet has little timgig. 7 Heat transfer coefficient at different heat fluxes (Re
to evaporate inside the boundary layer. Near the stagnation po#®%500 and m,;/m,=~3.5 percent )
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300 =22,500 andy”=20.9 kW/nf. However, increasing liquid con-
© Steam Only @ Steam Only tent does little to improve the heat transfer far away from the
O mym=05-10% O m/m =0.5~10% stagnation point.
v m/m=15-2.0% 201 g mym=15-2.0% )
) @ <) Effect of Steam Flow Rate on Heat TransfeA high steam
8 5 flow rate, which means high jet velocity in the present study, will
. 8 ““?200 @ force more droplets to approach the wall. Therefore, more heat
0 @ ]l F @@ ) . can be removed by mist if the mist concentration is the same.
*9 =209 kW/m' 150 % Vo g=34kWm However, since the single-phase heat transfer also increases with
v ov the main flow rate, the enhancement ratio of the heat transfer
T —105C 4 T 2105C coefficient is more complicated. Because the liquid content de-
100 ends on the main flow rate, it is ve ifficult to control the
' - T 6“8 ~—l P d th fl te, it ry difficult t trol th
24 e 8 2 o~ experiment under identical liquid concentration and different Rey-
nolds number, although a different number of nozzles can be used.
Id b Ithough a diff t ber of I b d
1200 Based on the limited data, it is found that the enhancement ratio is
v © Steam Only v © Steam Only proportional to R&*at T,,=200°C, which means that increasing
1000 O m/m =0.5~1.0% 1500¢ O m/m =0.5~1.0% the main flow rate will improve the heat transfer enhancement.
v m/m =1.5-2.0% ¥ m/m =1.5~2.0% Guo et al.[15] gave a similar conclusion based on mist/steam
2% q'=209 kWym' _ q'=13.4 KW/m' cooling in a straight pipe.
Z ) % 1000 . o o
5 60 £ v Relevance to Turbine ApplicationsActual application is ex-
= v § v pected at 25 35 bar, and Reynolds number to 400,000. Projec-
% . 500, ) tions to the higher Reynolds numbers of gas turbine applications
"@ T.=105¢C Do T,=105¢C will increase the single-phase heat component and improve the
g g %] © %g@ 2 mist component, based on the trends herein. At the increased wall
0 0 v 9 superheat values, which may reach 700°C, there may be a decline
0 2 4 6 8 10 12 0 2 4 6 8 10 12

in the mist effect. But the trends indicate that the mist concentra-
tion continues to influence the mist effect and it is expected that
Fig. 8 Effect of liquid concentration on wall temperature and the higher fluid density will permit carrying increased mist con-

heat transfer coefficient at Re  =22,500 and different heat fluxes centration. More study will be required to establish whether
higher pressures and temperatures will support useful mist
enhancement.

x/b x/b

creased mixing and turbulence in the boundary layer due to t 2 nclusions

droplet injection may also contribute to the enhanced heat trans-

fer. This can be supported by the experimental studies on singleA heat transfer enhancement has been observed due to mist

phase flow with solid particles insid®,20]. added to steam in an impingement flow. A 150 percent enhance-

ment with a mist concentration of 1.5 percent is typical in the
Effect of Target Wall Temperature on Heat Transfefhe giagnation region. The highest effect is in the stagnation region

wall temperature plays an important role in the mist heat transf§<r/.b<2’ whereb is the slot width. Fromx/b=2 to x/b=6 the

The droplets are slowed as they approach the wall and are aclg@l .t wanes, and fox/b>6 there is no significant effect. The

on by the evaporative lift force. As they penetrate the boundagy,gnation point enhancement is strongly influenced by heat flux,

layer and contact the wall, the droplets are expected to deform,asyeasing from 40 percent at the highest flux to over 400 percent

suggested by Hatta et 4l14] for a time dependent on the wall 55 the flux is reduced by a factor of four. The increase in enhance-

temperature. At low enough temperatures, the droplets could Wgkn is roughly proportional to the liquid content at the stagnation
the wall and evaporate completely, while for higher temperaturggyin: hyt positions downstream remain unaffected at any liquid
the droplet will overcome any subcooling associated with thee The heat transfer enhancement is modestly affected by steam
pressure of deformation, form vapor, and be repelled from th@|ocity (Reynolds numbér Tentatively the enhancement varies
wall. Direct observation of the surface at all heat fluxes showed 08th RP3 based on limited data. For low heat flux and high

evidence of droplet residence or any accumulated film. The coms, . - : : :
! 'i|h id flow conditions the maximum ling effect is locat
plicated phenomenon noted by Guo et[dl5] resulted from a avét?/ fr(())m t%(()e sdtagn;tionepoint um cooling effect is located

pre-existing liquid film and is not relevant here. The downstream Mechanisms noted include the systematically dry condition of

region of GUQS observation is more compa_rable. In the Presefit heated surface, having neither film nor visible droplets for
study, data with several heat fluxes are available to examine

transfer coefficient. The variation in single-phase heat transfer G&

- ; < atively large ranges of velocity parallel to the heater surface.
efficient produces a constant Nu using the conductivity evaluat: y larg 9 y b

st that the direct contact heating of droplets is responsible for

q"=13.4 kw/nt and the enhancement increases to over 400 pefist of the enhancement, consistent with these observations. Few
cent at low heat fluxg”=3.35 kW/n?. Similar results about the or no droplets evaporate completely.

effect of the wall temperature on two-phase heat transfer were
reported by Guo et a[15] and Takagi and Ogasawdr@|.

Effect of Liquid Concentration on Heat TransferfFigure 8 Acknowledgments
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Nomenclature

B = width of heat element
b = jet width=7.5 mm
d = diameter of droplet
d,q = arithmetic mean diameter
d;p = volume mean diameter
3» = Sauter mean diameter
h = heat transfer coefficient
I = current through the heater
k = thermal conductivity of vapor
m = mass flow rate
Nu = Nusselt numberh2b/k
n = data rate, st
Pr = Prandtl number
gq” = heat flux
Re = Reynolds numbetpsV;2b/ u
T = temperature
t = time
V; = average jet velocity at jet exit
Vgnunt= Voltage cross the shunt
x = coordinate along the target wall
z = coordinate along the jet centerline
6 = thickness of heater elements
p = dynamic viscosity
p = density
& = resistivity, Om
Subscripts
0 = stagnation point
j = jet
| = liquid phase
s = steam
sat = saturated
w = wall
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Infrared Low-Temperature Turbine
emaHRJBE/Ie(:Dlgrana(:ayg!g/ "ane Rough Surface Heat
e-mail: Cl\(/'I;SpMkler%Ertlr?als(aI;S Tra nSfe r IVI e asu re m e nts

. B-. L. Lucci Turbine vane heat transfer distributions obtained using an infrared camera technique are
e-mail: B.L Lucci@grc.nasa.gov described. Infrared thermography was used because noncontact surface temperature
i s measurements were desired. Surface temperatures were 80°C or less. Tests were con-
.W- P. Campemhlﬁh ducted in a three-vane linear cascade, with inlet pressures between 0.14 and 1.02 atm,
e-mail: W.P.Camperchioli@gre.nasa.gov and exit Mach numbers of 0.3, 0.7, and 0.9, for turbulence intensities of approximately 1
and 10 percent. Measurements were taken on the vane suction side, and on the pressure
NASA Glenn Research Genter, side leading edge region. The designs for both the vane and test facility are discussed.
Cleveland, OH 44135 The approach used to account for conduction within the vane is described. Midspan heat

transfer distributions are given for the range of test conditions.
[DOI: 10.1115/1.1333693

Introduction The test facility allowed accurate flow measurements over a
range of Reynolds numbers that varied by more than a factor of
20.°A single vane was tested. Consequently, while the physical
Vane roughness remained constant, the surface went from being
arly hydraulically smooth to fully rough as the Reynolds num-

It is important to understand the effects of surface roughness
turbine blade heat transfer. Surface roughness is expected to
crease blade surface heat transfer. Whether blade temperatur

creases, depends on the nature of the surface roughness. Ifb Fwas varied. While the lower Reynolds numbers tests are lower

surface roughness results from low thermal conductivity materi : e . s
deposited onto the blade surface, the heat load, and therefg%%those for a typical high-pressure turbine application, they are

; hed in | r engin lications.

blade temperature, may decrease due to the thermal resistance %agufgolsesmgf F;ﬁg(\e/voerkgrle;?o?t%%I%?etrlginsare to show the ef-
the deposition layer. If surface roughness results from materialyq of o rface roughness on heat transfer, and to quantify when
erosion, understanding blade heat transfer becomes more Crltlgﬁ ace roughness is important. A companion paper, Boyle et al
since bla((jje strekr]]_gtrr]] decreasss,hand avera;ge blade temperaturf )~ jescribes an analysis useful for predicting rough surface
creases due to higher gas side heat transfer. _ turbine heat transfer.

Experimental heat transfer for rough surface turbine blades has
been repor_ted by severa_ll investigators. Dunn efXdland Blair Description of Experiment
[2] used different techniques to measure rotor heat transfer in ) )
rotating facilities. Tarad3], Tarada and Suzu#], and Abuaf _ The measurements were taken in the three-vane linear cascade
et al. [5] reported measurements of vane heat transfer for roufjiystrated in Fig. 1. The center vane was the test vane. Air entered
surfaces. While these tests indicated higher heat transfer for rog# test section at pressures between 0.14 and slightly greater than
surfaces, the heat transfer ratio between rough and smooth su@tm. The air was at ambient temperature. Valves between the
faces varied considerably. This may have been due to differend@8t section and a low-pressure altitude exhaust section were ad-
in Reynolds number as well as roughness characteristics. Justed to maintain the desired vane exit isentropic Mach number.

To help clarify the consequences of surface roughness, a pP@rlodlcny was achlieved .by adjust'lng the tailboards. Further de-
gram to measure the heat transfer on a rough surface turbine vg{i$ of the test configuration are given by Boyle et[all]. This
was undertaken. It was felt that true surface temperatures, asgj_erence documented the inlet turbulence intensity and length
posed to temperatures between the roughness and the free str FH? for the range of Reynolds a_nd Mach _numbers used in the
should be measured. Also, it was felt important to generate tREESENt work. Tests were done with and without the turbulence

heat flux at the vane surface, so as not to introduce an insulatif hin place. heated. and wh q hieved
layer between the heater and the vane surface. Temperature difi"€ Vane was heated, and when steady state was achieved, vane

ferences across an insulating layer of unknown thickness wouid/face temperatures were measured using an infrared camera sys-
adversely affect the measurements, especially at higher Reynot&?' The Inframetrics 600 camera was operated in the open mode
numbers. These requirements led to a test configuration in whi t 12 um), and used a Ilqwd nitrogen cooled detector. The
the rough surface was used to generate the heat flux, and temp8 put from the camera and its assomateq computer was the tem-
tures were measured using an infrared camera. An infrared megrature at e_aqh pixel in an array. The pixel array size was 364
surement technique was used because this technique does not T 8. The_ digital temperature output of the camera system was
on contact with the test surface, and does not disturb the surfa&iied using a black body of known temperatures. .
profile. The infrared camera system generates a temperature m oth the |n3|qe and outside of the test section were pamtgd with
of the portion of the vane surface seen by the camera. Heat trafjsiat Plack paint to reﬂuce rleflected thermhal energy. TT]IS was
fer measurements using an infrared camera have been reporte %ge to minimize stray thermal energy onto the dete_ctor. The vane
several investigators. Sargent et db], Baldauf et al. [7], as viewed through each of the three window locations shown in

; Fig. 1. A ZnSe window, mounted flush with the inside surface
Johnston et al[8], and Sweeney and Rhodg8] used infrared . i . ) e
. ) : s used. The ZnSe window had a diamondlike coating to in-
cameras to measure different aspects of film cooling heat trans%cg%ase its surface hardness, and thus reduce the effects of abrasion

Commibuted by the Intermational Gas Turbine Insitute and od at th 4from high speed flows. The coating was applied using the method
ontributed by the International Gas Turbine Institute and presented at the ;

International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Gg-gscnbed by Ban.ks and Rutled@kz].

many, May 8-11, 2000. Manuscript received by the International Gas Turbine Insti- Data were obtained for a range of Reynolds and Mach numbers,

tute February 2000. Paper No. 2000-GT-216. Review Chair: D. Ballal. and two inlet turbulence intensities. For each test there were three
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Journal of Turbomachinery

views of the vane. The forward portion of the pressure surface
was viewed through the pressure side window. The forward por-
tion of the suction surface was viewed through the suction side
window, and the rear portion of the suction surface was viewed
through the rear window. A front-faced, highly reflecting mirror
was used when viewing through the rear window. A region of the
suction surface forward of the throat was not visible to the infra-
red camera. However, enough of the vane surface was visible that
the effects of surface roughness could be quantified.

Figure 2 illustrates the test vane construction, and Table 1 gives
the vane geometric parameters. The intent of the test was to make
midspan measurements, away from the endwalls. Consequently, a
high aspect ratio of 4.86 was specified, which gives a span-to-true
chord ratio of 2.16. An aluminum vane was used, and much of the
middle portion was removed. A spar was left in this region to
provide rigidity to resist the pressure loads at high Mach and
Reynolds numbers. Only the suction surface of the vane and the
pressure surface near the leading edge were available for heat
transfer measurements. A copper bus bar, shaped to the vane pro-
file, was attached to each end of the opening. The bus bars were
insulated from the aluminum vane, and had copper rods extending
through the entire test section to provide electrical power. A high-
strength, but low-thermal-conductivity foam material, Rohacell
300, was inserted between the copper bus bars. It was also shaped
to the vane profile. Roughness was achieved by not smoothing the
foam surface. The foam was securely bonded to the copper bus
bars. After appropriate masking, an electrically conducting silver
paint was sprayed onto the vane surface. This created an electric
circuit between the bus bars. As shown in Fig. 2, the forward

Table 1 Test vane characteristics

Axial chord, Cy 4.445cm
True chord, C/Cx 2.25
Pitch-to-axial chord ratio 1.86
Span-to-axial chord ratio 4.86
Heated span-to-axial chord ratio | 2.36
Flow turning 80°
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Table 2 Average roughness properties The roughness height of 11dm corresponds tdgys/C, of

: 0.0025, orhgys/C of 0.001. Kind et al.[14] reported aerody-
Property Value | Normalized by (3} namic effects for rotors having bands of roughness in the height-
Rrms 111 £ 18um 25+4x 10 to-chord range of 0.0021 to 0.0063. Aerodynamic tests for uni-
R, 924 15um 21+4 x 1074 formly covered sand grain roughness in the rangehgf/C
Skewness | —0.58 +0.34 between 0.001 and 0.01 have been reported by Bammert and Stan-
Kurtosis | —0.42 + 0.49 stede[15,16 and by Boynton et al.17].

The degree to which surface roughness affects the flow and heat
transfer is determined by its value in wall normalized coordinates.
The maximum normalized roughness heig‘lﬁQ, was estimated
portion of the pressure surface, all of the suction surface, andising the procedure proposed by Boyle and El€] to estimate
small part of the pressure surface trailing edge region wetlee maximum near wall grid spacing prior to a CFD calculation.
painted. At room temperature the resistance of the heater was Toy1s

L

0.07 Q. ht :017hRMS [ (Ct)roucH | Neg
In addition to instrumentation to measure the heater voltage and EQT T ¢y (Cf)smooth | hrms/ \ Ty

current, nine Type E thermocouples were attached to the test seFF-ere Re is a Revnolds number based on axial chGed. To
tion. Three thermocouples were attached to the aluminum sﬁ% o '+ y u . X! td,

near midspan. They were located between the foam and alufjXimizeNeq, Re is taken as the exit Reynolds number, Re
num. Six thermocouples were placed on the vane surface at dif?® ratio ofheq 10 hrys was estimated to be about two for the
ferent locations close to the upper bus bar. They were insulaté@ne tested. Figure 3 showg,, as a function of Reandhgq/C,
from the heater surface, and were attached with an epoxy covit two friction factors. The curves labeled SMOOTH are f&€ @
ing. Five thermocouple locations are shown in Fig. 2. The sixft@tio of one. The curves labeled ROUGH are for fully rough flow

thermocouple is on the vane pressure side. The surface therging the relationship fo€/2 given by Kays and Crawforfll9]

couples could not be used for ansitu calibration of the infrared c 0.168
camera. Because the surface thermocouples were secured using an . _—
epoxy covering, they did not read the surface temperature. The 2 [In(8645,/heq)]

difference between the thermocouple and infrared temperatusgsiq figure shows thath increases almost linearly with Rey-

varied with the flow condition. The thermocouple locations wer olds number and with the roughness height. Fgg>70, the
known, and because the infrared temperature differed from the is th . g 9 f' 5. ah]
thermocouple’s surrounding temperature, they were used to locRgYCGH curve is the appropriate curve to use for estim ig.

the pixel coordinates onto the vane surface. The thermocoupigl 5<hgq<70, the appropriate value fdtzq lies between the
locations were especially visible during transient cool down. two curves. Fortunately, in this region the differences between the
SMOOTH and ROUGH curves are small. Since the equivalent
Roughness Characteristics. Data from six profilometer height ratio was estimated to be about two, ahgys/C,
traces were used to determine the roughness characteristics ofth£0025, the maximum equivalent height at each Reynolds num-
heated surface. Each trace was approximately 1 cm in lengthn8r was expected to be on the ROUGH line for hgys/Cy
summary of the analysis of these traces is presented in Table_% go5. At high Reynolds numbers, the maximlhlr;g‘b Wwas ex-
The rms roughness averaged slightly over 100, while the av- pected to be given by the dashed curve ligry/C,=0.005. As

erage absolute roughness height wau2 The 1o variation in o pevnolds number decreases, the maxirhgdgwas expected
these parameters among the six traces was approximately 16 %%r-

cent. The skewness showed considerable variation among gr/ltCl:JaIIy to be given by the solid line at the same value for
traces, but was always negative. Negative skewness means X
the area above the meanline exceeds the area below the meanline.
The average kurtosis was negative, with only one trace evidencin?1 .
a positive value. According to DagndlL3] a negative kurtosis Analysis of Data
indicates a bumpy, rather than spiky, surface profile. The measured temperatures were corrected to give the true sur-
face temperature. This correction accounts for the emissivity of
the vane surface, the emissivity and temperature of the surround-
1000.0 - ings, and the ambient temperature. The IR camera system mea-
—-— ROUGHC, sured the true temperature of a black body when the emissivity
—— SMOOTHC, L hee/C,=0.01 was one. The measyred temperaturg,, is determined fron_1 a
S/ heat balance on the infrared camera receiver. The energy incident
800.0 TTA12 e on the detector is less than the emitted energy. The camera system
e cuts off energy at wavelengths above Ath. Camera tempera-
heo/Npys=1.0 e tures were determined by energy in the 3 toil band. Because
600.0 e of the small measured temperature differences, and the wide
__h/C=0.01 wavelength band, the variation in the fraction of energy incident
on the detector was neglected. The energy on the detectpy is
- _ney/C,=0.005 =f(3,12) 0Ty, Wheref(3,12) is the fraction of available radiant

EQ

400.0 energy in the 3—12um band, and is a function of temperature. In
_hc=0005s  actuality the heat flux is given by:
2000 | Ar=0(Tw(evf(3,12yTy+ pvesrf (3,12srTSR
____________ >——h_/C,=0.002 +(1— 7w) €af(3,12,T%)
"""""""""""""" >=-he/C,=0001  The fraction of available energy(3,12), was assumed constant.
00,9 02 04 0.6 0.8 To Calculations showed that, because of the small temperature differ-
Axial chord Reynolds No., X 10°® ences, no significant error was introduced by assunfif3y12)
constant. Equating the two expressions for the heat flux gives the
Fig. 3 Estimated maximum equivalent roughness height, hzo vane temperature as:
170 / Vol. 123, JANUARY 2001 Transactions of the ASME
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. T —(1— mw) eaTa— TwovesrT ar The uncertainty in the Nusselt number was estimated to be

Ty= about 15 percent over most of the vane surface. The uncertainty in

Twev the infrared camera measurements was better than 2°C, and the

At each point on the vane the Nusselt number is calculaté@mera resolved differences of less than 0.2°C. The infrared cam-
from: era uncertainty was minimized by verifying the camera system
output for a calibrated black body, and by comparing the pretest

_ OnerCy surface temperatures with the inlet thermocouple readings. The
Nu= (Ty—THK maximum uncertainty occurred at the minimum surface-to-gas

) ) ) temperature difference. The maximum surface temperature of
The local adiabatic recovery temperatufig,, was determined go°C was set based on the temperature capability of the foam
from the inlet total temperaturel|y, and the surface pressurematerial. This temperature occurs at the minimum Nusselt num-
distribution. The surface pressures were determined from a twsers. The large variation in Nusselt numbers meant that at high

dimensional Navier—Stokes analy$&0]. Nusselt numbers, the surface-to-gas temperature difference was
The vane local net heat flux was calculated from: much less than 60°C. The estimate was made by assigning uncer-
tainties to all of the variables used in the data reduction, and doing

Oner= Gecec™ Geonn™ Yrap the analysis repetitively. The local heat flux was determined by

Null Tests. If the resistivity of the heater were uniformg, cc ~ Properties in addition to the heater voltage and current. The un-
would be given by:gg gc=VI/A=0. However, measurementsCertainty analysis treated the determinationFoés a part of the
indicated that the heat flux was not uniform, so that the ratio @halysis, and not as an independent quantity. This has the benefi-
local-to-average heat fluwE, had to be determined. Tests weresial effect of reducing heat transfer uncertainty due to some inde-
done where the heat transfer was known to be nearly uniform oWRgndent variables, such as thermal conductivity. The one region
the vane surface. For these tests heat transfer was by free, WBEre there is a higher uncertainty in heat transfer is the very rear
forced convection. For turbulent free convection the heat transfgrtion of the suction surface. At the design of the test vane, the
is independent of the streamwise location. For turbulent flow ov8pSUMption was made that the heat transfer rate at the very rear of

a vertical flat plat Burmeistd21] gives a correlation for the local the suction and pressure surfaces would be the same. This was
Nusselt number as: one on the basis of CFD analyses. However, the experiment was

unable to verify this assumption under flow conditions. A tem-
Nu,=0.1(Gr,Pp1? perature difference across the vane near the trailing edge would
affect low Nusselt number measurements more than those at

Here, x is the spanwise distance. Since ,80x(Ty higher Nusselt numbers.

—TiW)/(#»*Tjy), Nu is independent ok, but depends orly There was also a positional uncertainty due to the alignment of
—T,y to the one-third power. For this test condition: the camera. This uncertainty was estimated to be less than
s 0.05C, .
TV_T|’N [ [
T _T/ *dcono/Anert dran /e Experimental Results
qELEC_F_ Tv—Ti

1+ Goong/ dnert drnn/ dner Table 3 shows the range of test conditions for which data were
q Acono AneT™ Arao! AneT obtained. Data were obtained at three isentropic exit Mach num-
At each point on the vane surfacgoyp is evaluated from the bers for a range of inlet total pressures. The Reynolds numbers in
temperature distribution around the vageoyp is evaluated us- this table are based on axial chord, and varied by nearly a factor of
ing the average surface temperature and measured metal tempbbaover the range of test conditions. At each test point, data were

tures.qrap /Onet IS approximated by: obtained for two inlet turbulence intensities. Boyle et[all] re-
_ ported that the turbulence intensity, measured 1.14 axial chords
Orap 9raAD TV_TSj upstream of the leading edge, was between 13 and 15 percent over
— T | = the range of test conditions. Air was blown through the grid to
Oner  Onet \ Tv—Ts

achieve a pitchwise uniformity in turbulence intensity.
Tconp Was evaluated using a two-dimensional conduction analy- The results obtained for the entire heated span at a single test

sis. The analysis used the average surface temperature and rﬁgadltlon will be discussed first. This is followed by a discussion
sured metal spar temperature. of the midspan results for all of the test cases.

Flow Tests. For test with flow over the vane, the local Nus- Full-Span Results. Figures 4-7 illustrate full span results for
selt is given by: a typical test case. The case is for,R6.394x10°, M,=0.7,
with the turbulence grid. The temperatures recorded by the infra-
(FVI/A—dconp— drap) Cx

(TV_Tr)K
. Table 3 Summary of test conditions

The termqconp Was evaluated for each test using the same two- -
dimensional conduction analysis as for the null test. In the flow Ideal Axial chord Re No. x107°
test the heat transfer distribution was not uniform, but varied with M, Inlet Exit
circumferential location. The local value Bfwas found from the 03 0.0055 0.041
null test. 0.0086 0.061

Since the flow in the cascade is two dimensional, the spanwise- 0.0157 0.101
averaged Nusselt number is of interest. This value was obtained 0.0278 0.202
by integrating in the spanwise direction. At each distance around 0.0405 0.303
the vane, the heat transfer coefficient was averaged over a fraction 07 0.0317 0.236
of the spanwise distance. When the fraction was very small, the 0.0521 0.394
result was the midspan values. However, these values, in addition 0.0792 0.590
to being noisy, were very sensitive to the spanwise alignment of 09 0'0307 0'240
the infrared camera images. Averaging over a 40 percent of the ' 0'0555 0'444
heated span gave less alignment sensitivity and less point-to-point 3OS ‘
variations in the heat transfer. 0.0826 0.665
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Pressure side Suction - Front Suction - Rear

Fig. 4 Temperatures recorded by infrared camera, °C

red camera are given, followed by the calculated vane surfaiteoat region, and continues to the trailing edge. The first two
temperatures. Next, the surface Nusselt numbers are shown. Pphets overlap in the leading edge region. In the lower region of the
Nusselt number distribution is shown when the heat generationtigo front views there are apparent discontinuities in the surface
assumed uniform, and this is followed by the Nusselt numb&mperatures. These are the result of sensor probes in the line of
distribution calculated using the local heat generation determinsight between the vane and the camera, and were left in the cam-
from the null test. Figure 4 shows the infrared camera temperatwe’s view to help align the images. The spanwise temperature
distribution for the vane for a typical test case. The views as seeariation is due to heat generation nonuniformity and variations in
through each of the three windows are shown. The heated porteurface roughness. In each view, near the blade top, there are
of the pressure surface is followed by the forward portion of themall islands of large temperature gradients. These islands, la-
suction surface, and ends with the rear part of the suction surfabeled 35, 60, 40, and 45°C, correspond to thermocouple locations.
Moving from left to right in the pressure side view shows thé\ high degree of spatial resolution is visible in these figures. The
forward part of the pressure surface, the leading edge region, attion surface rear view shows cold temperatures in the middle
a small portion of the suction surface. of the surface distance. Since this is where the insulating foam is
Similarly, the forward view of the suction side shows a smathinnest, it is reasonable to suspect that this is a region of high
portion of the pressure side, the leading edge, and the front poonductive heat loss. While the conductive heat loss to the cold
tion of the suction side. The rear suction side view begins near taliminum spar can be significant in this region, this is also a

Pressure side Suction - Front Suction - Rear

Fig. 5 Calculated surface temperatures, °C
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Pressure side Suction - Front Suction - Rear

Fig. 6 Nusselt number, uniform heat flux

region of lower than average heat generation. If conduction wefigctors. Considerable variations in emissivity were observed, and
the cause of the cold temperatures, its relative importance dkee effect of a variation in emissivity is discussed. The transmis-
creases as the Reynolds number and external heat transfersion of the ZnSe window was found to be approximately 0.7,
crease. The temperatures would become more uniform at highen viewing at a near normal angle. This transmissivity was
convective heat transfer rates. However, this was not the case, andsistent with the calculated value using the index of refraction
using measured values for the foam thermal conductivity showéat the material. When the vane was viewed through the rear
that the generated heat flux in this region was lower than averagéndow, the transmissivity was reduced to 0.65 to account for
Figure 5 shows the calculated temperatures using the measuseth the mirror reflectivity and the highly oblique angle to the

infrared camera temperatures, the surrounding temperature, Wirdow. There is a temperature discontinuity when the camera
ambient temperature, the vane emissivity, and the window trangews a surface other than the heated one. This could be either an
missivity. At the two higher Mach numbers, the surrounding tenadjacent vane or the unheated portion of the test vane. However,
perature varied from view to view. It was calculated as the adighis temperature difference is spread out over several pixels when
batic temperature seen on the adjacent vane. Even though tiiee camera views the vane through the ZnSe infrared window at a
silver paint has a low emissivity on a smooth surface, measur@mnnormal angle. The thickness of the window displaces the im-
ments of the rough vane surface gave an emissivity of approsge in the streamwise direction for images passing through at
mately 0.75. The measured emissivity was influenced by seveadllique angles.

Pressure side Suction - Front Suction - Rear

Fig. 7 Nusselt number, nonuniform heat flux
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Fig. 8 Midspan Nusselt numbers
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Figure 6 shows the Nusselt number distribution based onMach numbers are less than 0.3. For the two higher exit Mach
uniform heat flux. This Nusselt number distribution includes theumbers there is not as consistent an increase in suction side rear
corrections for radiation from the heated vane and conduction lteat transfer with increased turbulence. What was observed, but is
the aluminum spar. The correction for radiation was small. At thisot evident in the figures, is an indication of a lower than expected
Reynolds number the correction for conduction to the spar waacovery factor for a rough surface. It was observed that measure-
also small. High temperature regions in Fig. 5 correspond to lowents with lower wall-to-gas temperature differences gave higher
Nusselt number regions in Fig. 6. heat transfer rates. The recovery temperatures were calculated us-

Figure 7 shows the Nusselt distribution after correcting for thiag a recovery factor of 0.89. A lower recovery factor, approxi-
nonuniformity in the electrical heat flux. Since there were varignately 0.8, resulted in Nusselt numbers for the rear portion of the
tions in surface roughness on the vane surface, there would notsbietion surface independent of the wall-to-gas temperature differ-
spanwise uniformity in the Nusselt number distribution for a unience. This is consistent with the observation of Hodge €22,
form heat flux. Some of the spanwise nonuniformity seen in thibat a rough surface has a lower recovery factor than a smooth
figure could be the result of nonuniformity in the surface rougrene.
ness. The pressure side view shows a low-Nusselt-number regio%

on the pressure side of the leading edge. The heat transfer riseg t X .
the leading edge and beyond. The front suction view shows hi Tned to identify the effects of roughness on the vane heat trans-

heat transfer on the pressure side, a decrease in heat tran ] r;'lg)logilrjl;eIfrzﬂgwﬁetgshggiilggfencl'i”':ﬁgrl’OS\Ir’tLi’tbﬂ’llgnvcinﬁ‘]t?gsgirt]f-
folloyved by an increase on _the suction side of the vane. T ossling number is expected to be in the range 0.85F3p
suction rear view shows a fairly uniform level over much of th

: . e data in Fig. @), for low turbulence intensity, show increased
region away from the end bus bars. Midway along the surface_ Fossling number with increased Reynolds number. The low

this view, and near midspan there is a high heat transfer regi rossling numbers, seen for the front suction side data at low
Either high surface roughness or overestimating heat generatio nEO'ynoIds numbers, may be due to uncertainty in the position of

this region could account for this apparent high heat transfer, the stagnation point in the camera view. If the leading edge line in

error in calculating the local value & causes a bias in the heat - : .
generation throughout the entire range of test conditions. the data reduction was not the true leading edge line, then the

Frossling number would be less than the stagnation point value.

Midspan Results. The data for each case were averaged over Figure 9b) shows stagnation point heat transfer for the turbu-
different fractions of the heated span. No significant variation ignce grid data. The grid resulted in a high turbulence level, mea-
the spanwise-averaged Nusselt number distribution was observed
for averaging regions of 20 and 40 percent of the heated spani 5

ixed Point Comparisons. Next, specific vane regions are ex-

O Front suction side data
M,=0.3 Results. Figure 8 shows the midspan heat transfe A Front pressure side data
distribution for the different Reynolds numbers at the three vat
exit Mach numbers, and for the two inlet turbulence intensitie
Each part of the figure shows data for a single Mach numb
Successive parts show data at low and high turbulence lev
High turbulence being the result of the upstream grid. For clarit
the pressure side window data have been offset on the plot 19
s/C,=—1. In reality there is an overlap in the leading edge re
gion. The two suction surface views have a gap between the
because the camera could not view a region upstream of 1
throat. The no-grid data at 0.3 shown in Fig. 8) clearly
show suction surface transition moving forward as the Reynoli
number increases. Data for the forward portion of the suction si
show a heat transfer peak on the pressure side of the leading e
Nu increases approaching the leading edg/€,=0, from the o
pressure side, then decreases. This is followed by a rapid incre:
and is most evident at higher Reynolds numbers.

The pressure side data do not show the peak leading edge t
transfer ats/C,=—1 in the plot. The peak is over onto the suc-
tion surface. The surface on the far side of the leading edge
nearly tangential to the camera view. The discrepancy between
two views could be due to unaccounted variation in surface em
sivity with viewing angle to the surface. In the overlap region th
pressure side view heat transfer is somewhat higher.

Figure 8b) gives the Nusselt numbers for the same exit Mac 5 |
number as in part(®), but with the grid installed. The presence of
the grid increases the Nusselt number, even for the rear portion
the suction surface. For these tests, and those at higher M
numbers, air was blown through the grid. Tests were done, vie'
ing the rear portion of the suction surface, with no grid air. Th 1.0 -
turbulence intensity varied significantly in the pitchwise directiol
for the unblown grid11]. However, no significant Nusselt num-
ber differences were seen for the unblown grid test.

10000 20000 30000

Leading edge diameter Reynolds number

a) No grid - Tu=1%

2.0

O Front suction side data
£ Front pressure side data
—— Correlation - Van Fossen et al.(1995)

High M, Results. At an exit Mach number of one, the flow o5

chokes, so that the flow rate at constant Reynolds number does 30000

10000 20000

increase significantly as the Mach number increases from 0.7
0.9. As expected, the data obtained by viewing through the tv
forward windows at M=0.7 and M=0.9 are similar to those for
M,=0.3. Even at the higher exit Mach numbers, the upstream
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Leading edge diameter Reynolds humber
b) Turbulence grid

Fig. 9 Frossling number at vane stagnation point
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—— Smooth - Turbulent
——— hg/C,=0.001 Cf/ 2

0.0060 [ e m h/C.=0.002 St= J
_— h::/IcFo.oos Pr+ VCil2/Sh
—-— hyC.=0.01
ONo gnd and

0.0050

@ Grid -0.2
heq Cf) ~0.44
Sth—C(Re c, \/ > Pr

00040 F\ T e The constantC, which is a function of the roughness geometry is
st d - taken as 1. While the appropriate value for this vane geometry is
TS OB not known, the data of Pimenta et 424] for closely packed
0.0080 b R~ === e L ® spheres corresponded to a valueCof 1.0. The Reynolds number

is taken as ReRe,s/C,. C;/2 is determined from the rough sur-

face correlation for a range dfgo/C, values. The turbulent
0.0020 | Prandtl number, Ry was assumed to be 0.9.
' The lowest Reynolds number no-grid case has a Stanton num-

ber below the turbulent correlation. This value is consistent with a

o Stanton number for laminar flow. The data for the next highest

0.0010 = 05 To 15 2o Reynolds number are close to the smooth correlation for turbulent
Reynolds number at s/C,=2.5, X 10~ flow. At this Reynolds number, and lower, the flow appears to be

) hydraulically smooth, as it also does for the grid cases. The no-

Fig. 10 Stanton number at  s/C,=2.5 grid cases show a rapid increase in Stanton number, followed by a

decrease in Stanton number, eventually approaching¢héC,

) . =0.005 curve at high Reynolds numbers. Stanton numbers just
sured as more than 13 percent approximately one axial chord Werer transition are typically higher than the turbulent value. As
stream of the leading edge. The trend of an increased Frosslijgs mentioned earlier, the expected valuetfgg/C, was 0.005.
number with increase Reynolds number is similar to the no-grigith the turbulence grid in place, the trend shows higher Stanton
results. However, the slope, especially in the lower Reynolgg,mpers at lower Reynolds numbers, and a more negative slope
number region, is greater. This figure also shows predictions Usigg sianton number versus Reynolds number. The grid Stanton

a correlation developed by Van Fossen et[aB] for a smooth 1 ,mpers approach the no-grid values at high Reynolds numbers.
leading edge. The correlation accounts for turbulence intensity

and length scale effects on leading edge heat transfer. PrimarilyEmissivity Variations. As mentioned earlier, measurements
because of the large turbulent length scale to leading edge diawh-the surface emissivity gave a considerable amount of uncer-
eter ratio, the correlation gives a relatively small increase #ainty. Among the factors that contributed to the emissivity uncer-
Frossling number. Over much of the Reynolds number range, tt@énty were the angle to the camera; the position on the vane; and
effect of roughness on Frossling number is significantly greatetincertainty in the reference black paint emissivity. Figure 11
Figure 10 shows the Stanton numbersiE,=2.5. This loca- shows the midspan Nusselt number distribution for three values of
tion was chosen because the heat transfer coefficient is repredba-surface emissivity. The three values are the estimated value of
tative of the rear part of the suction surface. Results are presenfed5+ 0.05. Increasing the vane emissivity causes the vane tem-
in terms of Stanton number, SNu/Re/Pr, since this quantity perature to decrease. This in turn causes the vane-to-gas tempera-
varies slowly with Reynolds number. In addition to the experiture difference to decrease. While the Nusselt number does in-
mental data, correlation curves are shown. The turbulent Stan@ease, as expected, the increase is not large. The number of
number correlation for a smooth surface is shown along with reymbols in each line are the number of pixels in the streamwise
sults from a correlation given by Kays and CrawfditB] for direction. The number of pixels per unit length were approxi-

rough surfaces. This correlation is: mately the same in the spanwise and streamwise directions.
Conclusions
1300 T P ” ;&;ﬁ% The experimental results showed that an infrared camera tech-
1200 |- ressure side 1%% VV%VV% niqye is a useful tool for measuring turbine heat_tra_n_sfer over Fhe
o Emissivity - 0.7 §Zm§;§% o entire blade surface. Knowledge of surface emissivity and win-
1100 | = Emissivity - 0.75 @5 ﬁ&%ﬁ; dow transmission is important to achieving accurate results. Veri-
v Emissivity - 0.8 ﬁi & & fying the camera system output with a calibrated black body
1000 b T %g% source, and verifying the agreement between the gas temperature
wqii? ‘%5% measurement and surface temperatures measured with the infrared
900 ' Ofiset= -1 E %@f o@é’ camera, results in accurate heat transfer even when the tempera-
Nu A s ture differences are small. The portion of the blade surface for
800 | ¥y k which the heat transfer is measured is controlled by optical access.
I& % The portion of the surface viewed through each window is deter-
700 - w8 vvvvv g mined by the adjacent blades. The fraction of the surface viewed
o oy §8 is determined by the solidity as well as blade shape. Even though
600 - 5 § o, 33 in this application the measurements were averaged to obtain the
500 | Y § qg & midspan heat transfer, spanwise as well as streamwise variations
& % in surface temperatures were readily measured. This technique is
400 | ¢ %g Suction side a_pplicable to measuring surface heat transfer resulting from three-
> § dimensional flows.
300 ‘ ‘ . l l ‘ Leading edge Frossling numbers increased with increasing
-20 -1.0 0.0 1.0 20 3.0 Reynolds number. The increase was significantly greater than was
Surface distance, s/C, expected from free-stream turbulence effects. The trend in the
Fig. 11 Effect of emissivity variation, Re  ,=0.394X10°%, M,=0.7, low-turbulence intensity data showed Frossling numbers ap-
grid proaching 1.3 at high Reynolds numbers. This is 30—40 percent
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greater than is expected for leading edge heat transfer of a smoo®#MS = rms value
vane. When the inlet turbulence intensity was increased, the trend r = recovery
in leading edge Frossling number showed a higher initial slope. At SR = test section surroundings
high Reynolds numbers, the Frossling number approached 1.7. v vane surface
The increased Frossling number at high turbulence was again w = window
greater than expected for a smooth surface, and approached 50 1 = inlet
percent at high Reynolds numbers. The heat transfer augmentation 2 = exit
due to roughness i_npreased with Reynolds number throughout %]?perscripts
range of test conditions. )
The heat transfer on the rear portion of the suction surface was = normalized
greater than would be expected for a smooth vane by nearly a = total
factor of two at high Reynolds numbers. For the low-turbulence= = average
test cases, the ratio was less as the Reynolds number decreased.
However, with a high turbulence intensity, the ratio remaine
close to two for Reynolds numbers of 101,000 and greater. O ferences
for Reynolds numbers of 61,000 or less was the heat transfell] Dunn, M. G., Kim, J., Civinskas, K. C., and Boyle, R. J., 1994, “Time-

i ; i ivyva. Averaged Heat Transfer and Pressure Measurements and Comparison With
consistent with that for a smooth surface. The estimated equiva Prediction for a Two-Stage Turbine.” ASME J. Turbomachl8 pp. 14-22.

oy .
lent roughness heighhg, was approximately 23 at a Reynolds (2] Blair, M. F., 1994, “An Experimental Study of Heat Transfer in a Large-Scale
number of 61,000. This value of 23 corresponds to a transitionally — Turbine Rotor Passage,” ASME J. Turbomachlg, pp. 1-13.

rough equivalent height.
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