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Abstract

The endwall heat transfer characteristics of forced flowt phst bodies have been investigated using liquid crystal theraqaty
(LCT). The blut body is placed in a rectangular channel with both its endshéd to the endwalls. The Reynolds number varies
from 50,000 to 100,000. In this study, a single fbloody and two blff bodies arranged in tandem are considered. Due to the
formation of horseshoe vortices, the heat transfer is ezdthappreciably for both cases. However, for the case of tufb liodies

in tandem, it is found that the presence of the seconfil bady decreases the heat transfer as compared to the casegieaoduf
body. In addition, the results show that the heat transfhibéts Reynolds number similarity. For a single filbody, the Nusselt
number profiles collapse well when the data are scaled By*Ri@r two bluff bodies arranged in tandem, the heat transfer scaling
is changed to R¥%, indicating that the power index of Reynolds number is flopatedent.
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1. Introduction sively [2-5]. Some typical flow features were summarized in a
review article by Simpson [6].

In a gas turbine, endwall flows are the flows influenced by  concerning the heat transfer on the endwall, the fore junc-
the inner hub and outer casing of the blades. These flows ofjq, of 4 biut body is of particular interest. Praisner et al. [7]

ten contain horseshoe vortices that give rise to veloCitn€o ghserved that the overall heat transfer rate in the fore-junc
ponents that are orthogonal to the primary flow directiom{se {5, region increased by as much as 200% compared to the
ondary flows). Basically, these vortices have a strpng intee || arected regions due to the presence of the primary horse-
on the e.ndwall heat transfer. In modern gas turbines, the en_‘%hoe vortex. Ireland and Jones [8] used the LCT technique to
wall region becomes more and more thermally loaded. Thign,, the endwall heat transfer around the base plate offa blu
requires that the endwall heat transfer be carefully cameil 1,4y They reported that the Stanton number increased mono-
in turbine designs, especially in the vicinity of the bladela tonically in the symmetry plane as the flow approached the ob-
downstream. stacle. Goldstein et al. [9] investigated the mass trarisftre

In laboratory experiments, the complicated blade is UWa”vicinity of a square blff body by using a naphthalene subli-
simplified as a circular cylinder or as a lbody to gain insight  hation technique. In contrast to [8], they noticed an obsiou
into the physical mechanisms. Figure 1 shows a schematic pigjoyple-peak distribution of the Sherwood number upstrem o
ture of anincident flow approaching a circular cylinder @be  the pluf body. The double peak was subsequently observed
to the strong adverse pressure gradient, the boundarydayer py yoo et al. [10]. However, they also found that the sec-
dergoes a three-dimensional separation. The skewed boundagng peak diminished as the angle of attack increased. More
layer rolls up to form horseshoe vortiges, resulting in tegd recently, Praisner and Smith [11] performed experimerds th
that wrap around the obstacle and trail downstream, as showd)igwed simultaneous recording of the instantaneous flow ve
in Fig. 1. The size of the primary horseshoe vortex (V1) is ofjocity field and temporally-resolved heat transfer data fo t
the same order-of-magnitude as the approaching boundety 1a engwall. They concluded that the second peak is associated

thickness; itis one order of magnitude larger than the sg&n  yith eruptive motions of the secondary horseshoe vortex.
horseshoe vortex (V2). Moreover, V1 has the same sense of

rotation as the approaching boundary layer vorticity, whsr 1€ heat transfer downstream of an obstacle has also at-
V2 has the opposite sense of rotation to preserve the siireami tracted attention. Fisher and Eibeck [1.2] studl.ed the etﬂdwa_l
topology. Because the primary horseshoe vortex entraims tHﬂeat transfer downs.tream. of_a streamlined g:yllnder and-a cir
higher-speed fluid from the free stream, the drag and the he&t!ar cylinder by using a liquid crystal technique. The fessu
transfer are increased. The formation and developmenteof tHndicated that the heat transfer is improved downstrean-of e

horseshoe vortices around Hlbodies have been studied exten- €r obstacle. They attributed the enhanced heat trarsteet
formation of horseshoe vortices. Ichimiya et al. [13] obser

that the heat transfer pattern downstream of a cylindriadl r
Email addressiei.wang@energy.1lth.se (Lei Wang) changes significantly as the Reynolds number varies fro601,0
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Figure 1: Schematic of horseshoe vortices, depicted bysssifdand Karni [1].

to 10,000. In accordance with Fisher and Eibeck, they conef the channel and is positioned on the centreline. The span-
cluded that horseshoe vortices are responsible for theneeda wise width @) of the bluf body is 80 mm, which blocks the
heat transfer. Wroblewski and Eibeck [14] examined the heathannel by 25% of its width, i.eb/W = 25%. The streamwise
transfer mechanisms downstream of a tapered cylinder. By co length () of the blut body is 40 mm. The bliii body is made
trast, they suggested that the increased level of turbalerix-  of Plexiglas due to the low thermal conductivity of the meter
ing is the main reason for the enhanced heat transfer. (0.2 Wm K). For ease of inserting the obstacle, the test section
In the present study, the endwall heat transfer of forced flows divided into two parts, and the top wall is removable. The
past bluf bodies is investigated. A single ifflbbody and two  bottom wall of the test section (500 mm320 mm) is covered
bluff bodies arranged in tandem are considered. The obstacly a heating foil and is referred to as the heat transfer targe
is placed such that both its ends are attached to the endwallgall. In order to minimize the heat conduction loss to the sur
The Reynolds number varies from 50,000 to 100,000. The heaibunding, a 50-mm thick Styrofoam sheet is used to cover the
transfer measurements are performed by using the LCT teclpack of the bottom wall. The heat conductivity of Styrofoam i
nigue. The purposes of this paper are to fulfill three aspeets  0.03 Wm K. The heater is made of an etched Inconel foil which
to report experimental observations, to provide detailedth is covered by a plastic film. Basically, a constant heat fliathe
transfer data to validate numerical models, and to shed lighing condition is established. The surface temperature i&-me
on the cooling of gas turbines. sured by an LCT sheet which is 500 mm long and 100 mm wide,
as shown in Fig. 3. The LCT sheet (R35C5W, LCR Hallcrest
Ltd) consists of a liquid crystal layer applied onto a Potges
2. Experimental setup and procedures (Mylar) substrate. Before the execution of the experimgra,
LCT sheet was calibrated to get the relationship between the
The experiments were carried out in an open-circuit, snetio temperature and the hue value. The hue-temperature dadibra
type airflow channel. The channel is 5 m long. The width anddata can be found in [15]. LCT images are captured by a GigE
height of the channel are 320 miW) and 80 mm ), respec- Vision CCD camera which allows 1680200 pixel resolution.
tively. This results in a hydraulic diametBy, of 128 mm. The The CCD camera is placed directly above the test section, as
channel is fabricated using 20-mm thick transparent Plagig shown in Fig. 2. The spatial resolution of the LCT images is
plates allowing for optical access for LCT measurements. A0.22 mmjpixel. During the experiment, the CCD camera, il-
bell mouth is installed at the inlet of the facility to proeid uni-  lumination lighting, and the test section are covered byr& da
form flow. The area ratio of the inlet contraction is 6:1. Air a enclosure to prevent the interference from the surrounjhg
ambient temperature from the laboratory roomis drawn tihou noise.
the inlet contraction into the channel by a centrifugal fan-s A Cartesian coordinate system is defined in such a manner
ated at the downstream end. The maximum power of the fan ighat the x-axis is in the streamwise direction, the y-axighes
3 kW. By adjusting the frequency, the rotational speed oféhe  wall-normal direction, and z-axis is the spanwise direttibhe
can be regulated, and thus the mass flow rate can be controlledigin is denoted by O and placed at the starting point oféise t
as desired. The whole channel consists of three secti@ns, i. section, as shown in Fig. 2.
the inlet section (3.25 m long, which is equivalent t@2}h the A liquid crystal technique enables one to evaluate the heat
test section (500 mm long), and the outlet section (1.25m)lon transfer pattern on the target wall. After steady state is
In the test section, heat transfer measurements are pedfiorm achieved, a series of LCT images are generated, each corre-
Figure 2 illustrates a schematic of the test section whexe thsponding to a distinct wall heat flux. In interpreting the tem
bluff body is fitted. The rectangular fibody spans the height perature, the green colour is chosen as the reference colour
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Figure 2: Specifications of the Htibody in the test section.
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Figure 3: Configuration of the heat transfer target wall.

Figure 4: A typical LCT image behind a single Hilbody whereg;, = 1850 Wm? and Re=100,000.



because it is the most temperature-sensitive colour indéhe ¢ The uncertainty in the local heat transfer fimgents is esti-
ibration curve. The green colour is characterized by the huenated to be within 10% based on the 95% confidence level.
value ranging from 60 to 100 which corresponds to a temperThis value takes into account th&exts of the measuring er-
ature variation between 356 and 36.3C. By proper adjust- rors in voltage, current, LCT reading, and the heat losséssto
ment of the wall heat flux, the reference colour is moved fromsurroundings.
one location to another such that the entire area of intésest
eventually covered with the reference colour. Thereby #8 h , Roquitsand discussion
transfer cofficient over the entire area can be obtained. In the
present study, 10-20 LCT images are acquired to extracbthe | 4.1. Test in the smooth channel flow
cal heat transfer cekcients depending on the test conditions. Prior to the introduction of bifi bodies, the thermal develop-
Figure 4 shows a typical LCT image behind a singlelithody,  ment in the smooth channel flow was examined. As such, the
where the heat flux is 1850 2. The Reynolds number is Nusselt numbers in the first section €0 x < 250mm) were
100,000. In Fig. 4, the green colour is used to calculate #ie w measured. Here, the hydraulic diameter of the channel & use
temperature as well as the Nusselt number. For regions whees the characteristic length. At Re 160 000, Fig. 5 presents
the temperature is below the limit of the LCT (i.e.,’89, the  the profile of NUNug which is plotted against the dimension-
LCT displays black colour. less streamwise distancgDy. The Ny is the Nusselt num-
ber for the fully developed channel flow and is calculated by
the Dittus-Boelter correlation (N& 0.023R&8P°4). It is ob-
served that the Nusselt number drops gradually in the thHrma
developing region O< x/Dy < 1.2; further downstream, the
curve levels ff and approaches a plateau with the value close
Re= Ugb/v (1) tounity, indicating that the temperature field is fully deped.

) . ) The discrepancy between the experimental data and thdaorre
wherel, is the free-stream bulk velocity, aibds the spanwise o s less than 10%, which is within the range of measurémen
width of the bluf body. The free-stream bulk velocityo was  yncertainty. In what follows, with the presence of afbhody
determined by measuring the maximum velocity at the axis of, the channel, the heat transfer measurements are pedénme
the channel. The maximum velocityyaxcan be written as [16]  the second section (250munx < 500mm) wherex/Dp, > 2.

Umax = Uo + 3.75° (@) 4.2, Heat transfer behind a bjtbody

whereu is the friction velocity obtained from the Moody chart ~ In order to investigate the heat transfer characterise¢srial
at a given channel Reynolds numbercRe Ugb/v. Inthe @ bluf body, the obstacle is placed at the end of the first sec-
present study, Re= 50,000, 70,000, and 100,000 are consid- tion, as shown in Fig. 3. In this figure, the reference point is
ered. set atxg = 250 mm. Figure 6 demonstrates the contours of
For the forced convection, liquid crystal images are reedrd Nusselt number for R€10Q 000. The high heat transfer region
in the steady state. When calculating the heat transfefficoe (Nu > 380) behind the bifi body manifests the footprints of
cient, only points with temperature between 3&%nd 36.5C  horseshoe vortex legs that wrap around théfitidady. Because
are processed; outside this range, no information is gaifieel ~ the vortex legs pump the low-momentum, warm fluid upward
heat transfer cdgcienth is calculated based on Newton’s law from the wall, the local heat transfer is enhanced. The low-

3. Datareduction

The Reynolds number is here defined as

of cooling, i.e., est heat transfer is found in the region immediately behired t
bluff body. In a wake region where > 300 mm, the heat
h = quw/(Tw — Tin) (3) transfer declines gradually due to the diminishing inflieent

the obstacle. Note that the Nusselt numbers at the end zone

wheredy is the wall heat flux, and, andTi, are, respectively, (480mm < x < 500mm) are overestimated because the heat

the wall temperature and the inlet air temperature. Whetueal generation is lower at the edge of the heating foil. It shdd

![atmg the heato;‘.lwqw, the r?'d|att|v3 an.COng;,CUVe heat :cossespointed out that the heat transfer patterns for=Re0,000 and
0 e surroundings are estmated. JSINGIBe gray-surtace 24 a0 are similar to those illustrated in Fig. 6, thus, they
model, in which the emissivity is set to 0.8, it is found tHze t émt shown here

radiative heat IOS.S is less than 5% of th_e tOtEf‘I heat supplie Further analysis of the heat transfer downstream of thé& blu
The heat conduction loss across the wall is quite low (leas th body is presented in Fig. 7, in which the Nusselt number pro-

1%. of the total heat) and is; negligib!e. In the present st'q.gjy, files along the centreline (at= 0) are plotted. Itis clear that all
varies from 700 to 2500 yh* depending on the test conditions. the Nusselt number profiles display a similar feature. Thesae

The heat transfer_ cdi?ement. is represented in terms of Nus- low heat transfer rate in the corner region immediately hehi
selt number Nu, which is defined as the blut body, followed by a sharp rise which attains the maxi-
Nu = hb/k (4) ~Mmumatx= 270 mm. Further downstream, the Nusselt number
drops gradually. Moreover, Fig. 7 shows that the heat trans-
wherek is the thermal conductivity of air. Uncertainty analysis fer is a function of Reynolds number. An increase in Reynolds
is performed by applying the method proposed byfldp[17].  number generally gives rise to higher Nusselt number.
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Figure 6: Nusselt number contours behind a singléftady for Re=100,000.
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Figure 8: Scaled Nusselt number profiles behind a singl bady. The data are scaled by%Re.

Since the shape of the Nusselt nhumber profiles shown itower power index of 0.55 for the endwall heat transfer szali
Fig. 7 is similar for diferent Reynolds numbers, this triggers ussuggests that the flow structure downstream of dftdady is
to find a suitable scaling to make the profiles collapse. Inymanquite diferent from that in the canonical turbulent channel flow.
cases, the scaling for the Nusselt number has the form §f Re
wherenis a power index. For a given flow type.is approxi- 4 5 o4t transfer between two ftbodies in tandem arrange-
mately constant over a range of Reynolds numbers. In particu ment
lar, if the normalized Nusselt number NR€" is independent of
the Reynolds number, i.e. NR€" = f(x/L) whereL is a char- Figure 9 shows two in-line blibodies arranged in tandem.
acteristic length, the heat transfer shows Reynolds nusitrer  The spacing$) between the two obstacles is 250 mm and the
ilarity. For example, Richardson [18] found that the flow ove ratio of S/b is about 3. Figure 10 presents the Nusselt num-
a circular cylinder which is held normal to a free stream hager contours between two lfubodies for Re 100,000. A
two distinct regions: a laminar boundary layer regipr(80°,  comparison with the Nusselt number contours behind a sin-
whereg is the angle from the front stagnation point) and a sepgle bluf body (Fig. 6) shows that the heat transfer pattern in
arated flow regiong > 80°). For the laminar flow, he found the wake region behind the first fitbody is not significantly
that the Nusselt numbers could be scaled by Rwhile for  altered by the presence of the second obstacle. Similar to
the turbulent separated flow, the scaling ofRevas proposed. Fig. 6, the footprints of the vortex legs that wrap around the
Nakamura and Igarashi [19] investigated unsteady heastranbluff body are clearly revealed. However, further comparison
fer from a circular cylinder for Reynolds numbers from 3,0000f Fig. 10 with Fig. 6 shows that the Nusselt numbers in the
to 18,900. They found that the time-averaged Nusselt numregion (270 mm x <420 mm) behind the first bifibody are
ber profiles collapsed well onto a single curve in the laminalower than those in the corresponding region behind a single
boundary layer flow regiong( < 80°) if the data were scaled bluff body. This may be explained by the fact that the flow is
by Re”2. It should be pointed out that the power inderay  retarded as it encounters the adverse pressure gradiesgctau
vary as the Reynolds number range is changed. For exampley the second blii body. In the fore junction of the second
the R&/® scaling is only valid in the Reynolds number range of bluff body (420 mm: x <480 mm), the heat transfer increases
10* - 10°. At lower Reynolds numbers, i.e., RejkHB*, the  gradually as a result of the large-scale horseshoe vortex (W
2/3 power law does not apply [19]. In the present study, the exthe region just ahead of the ifiibody (480 mm x <500 mm),
ponenm s also sought to scale the heat transfer on the endwalh sharp rise in heat transfer is observed. Such highly edvat
By performing a regression analysis, i.e., minimizing thens  transfer cofficients near the upstream corner of thefbhody
of square residuals of the scaled Nusselt number curvespthe were also noted by Goldstein et al. [20]. This appears to be
timum value 0.55 was found. Figure 8 illustrates the profies induced by the secondary vortex (V2) embedded in the front
Nuw/Re>* along the centerline. The good agreement of scale@orner underneath the V1, as illustrated in Fig. 1. Incieiyt
profiles clearly indicates that the heat transfer exhibsisrdlar-  the Nusselt number contours for R&0,000 and 70,000 are
ity feature over the tested Reynolds number range. Notéfteat not shown here because the heat transfer pattern is similar t
heat transfer in a turbulent channel flow is scaled by®R&he  that displayed in Fig. 10.
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Due to the interaction between the twofilbodies in tandem  plates, J. Wind Eng. Ind. Aerodyn., 18 (1985) 263-274.
arrangement, the heat transfer scaling may be altered. By pg5] J.C.R. Hunt, C.J. Abell, J.A. Peterka, and H. Woo, Kine-
forming a regression analysis, as stated in section 4&2fatind  matical studies of the flow around free or surfacte-mounted o
that the proper value af is 0.51 instead of 0.55. Figure 11 stacles; applying topology to flow visualization, J. Fluig&h.,
shows the profiles of Nusselt number scaled b{Reersus 86 (1978) 179-200.
the dimensionless distancg € Xp)/b, wherex, = 250 mm.  [6] R.L. Simpson, Junction flows, Ann. Rev. Fluid Mech., 33
In general, the scaled profiles collapse onto a single cuwe f (2001) 415-443.
the tested Reynolds number range. This result suggesththat [7] T.J. Praisner, C.V. Seal, L. Takmaz, and C.R. Smith, i@pat
power indexn is flow dependent. Similar results were reportedtemporal turbulent flow-field and heat transfer behaviomrid-e
by Tanda [21]. He performed heat transfer measurements favall junctions, Int. J. Heat Fluid Flow, 18 (1997) 142-151.

a rectangular channel equipped with arrays of diamondeghap [8] P.T. Ireland, and T.V. Jones, Detailed measurementgaf h
elements. Both in-line and staggered arrays were considere transfer on and around a pedestal in fully developed passage
the Reynolds number range 8,000 to 30,000, the results showdow, Proceedings 8th International Heat Transfer Confegen
that the power index varied from 0.59 to 0.65 depending on 3 (1986) 975-980.

the array configuration. [9] R.J. Goldstein, S.Y. Yoo, and M.K. Chung, Convective mas
transfer from a square cylinder and its base plate, Int. atHe
Mass Transfer, 33 (1990) 9-18.

[10] S.Y. Yoo, R.J. Goldstein, M.K. Chung,fiécts of angle

In the present study, liquid crystal measurements were caRf attack on mass transfer from a square cylinder and its base

ried out to investigate the endwall heat transfer of flow pasPlate; Int. J. Heat Mass Transfer, 36 (1993) 371-380.
bluff bodies. The biff body is placed in a rectangular chan- [11] T.J. Praisner, and C.R. Smith, The dynamics of the horse

nel with both its ends attached to the endwalls. The ReynoldSn0€ vortex and associated endwall heat transfer — Parni- Te
number varied from 50,000 to 100,000. A singlefbloody ~ Poral behavior, ASME J. Turbomach., 128 (2006) 747-754.
and two bldf bodies in tandem arrangement were considered-12] E-M. Fisher, and P.A. Eibeck, The influence of a horsesho
For both cases, the heat transfer is enhanced due to the-form&"t€x on local convective heat transfer, ASME J. Heat Trans
tion of horseshoe vortices. However, for the case of twdfblu €7 112 (1990) 329-335. , . .
bodies in tandem, the result shows that the heat transfémdeh [13] K. Ichimiya, N. Akino, T. Kunugi, and K. Mitsushiro,
the first obstacle decreases as compared to that behindla sinffundamental study of heat transfer and flow situation around
bluff body. Another interesting result is that the heat transfef SPacer (in the case of a cylindrical rod as a spacer), Int. J.
exhibits Reynolds number similarity. For a singlefbloody, it Heat Mass Transfer, ,31 (1988) 22,15'2225'

is found that the Nusselt numbers profiles collapse well anto [14] D-E. Wroblewski, and P.A. Eibeck, Turbulent heat trans

single curve when the data are scaled by Refor two bluff port in a boundary layer behind a junction of a streamlined
bodies arranged in tandem, the heat transfer scaling isyeldan CY/inder and a wall, ASME J. Heat Transfer, 114 (1992) 840-

to R&51, indicating that the power index of Reynolds number849- . , _ L
is flow dependent. [15] L. Wang and B. Sundén, Experimental investigationoof |

cal heat transfer in a square duct with various-shapedtibat
Mass Transfer, 43 (2007) 759-766.
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