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Summary

The investigation of the extended Reynolds analogy of the transitional boundary layer
on the heated plate with different onflow condition was carried out. The coefficients of
intermittency were determined on the basis of the tree-parametric cumulative
distribution function of Weibull using the local shear stress Cr and Stanton number St
distributions along the plate which are experimentally measured. For the unsteady flow
with wakes the extended Reynolds analogy coefficient s is equal to 1.10 while for the
flow without unsteadiness it is equal to 1.0. Finally, using the cumulative distribution
function of Weibull the formula was proposed for the Prandtl number distribution in the
region of laminar-turbulent transition.

1. INTRODUCTION

In the paper [1] the authors presented the needs in convective heat transfer research
for industry and also fo the turbomachinery. An excellent survey of experimental
investigations and numerical calculation on this subject is given by Dunn [2], who
indicated the basics problems of the heat transfer in the gas turbine blades as follows:
external heat transfer with and without film cooling, internal heat transfer with cooling
and finally influence of instationarity, turbulence level and laminar-turbulent transition
on heat transfer.

The reported investigation is aimed at the improvement of the modelling of heat and
momentum transfer phenomena in the region of transition on the blades in the
turbomachinery. In the cold boundary layer the velocity profiles in the boundary layer
were measured by means of thermoanemometry. The different cold boundary layer
characteristics were determined among other also the local shear stress coefficient Cr.
The transitions in the aerodynamic and thermal boundary layer were investigated. The
heat transfer investigation on the heated plate was carried out and compared with the
investigation of a cold boundary layer for different on-flow conditions (small turbulent
level, and flow with wakes). The coefficients of intermittency were determined on the
basis of the tree-parametric cumulative distribution function of Weibull. The different
parameters of Weibull CDF were determined for different onflow conditions. Next the
Reynolds analogy coefficient s was established for these different external flow
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conditions. Finally, the formula was proposed for the Prandtl number in the region of
laminar-turbulent transition in which the CDF of Weibull was also applied.

2. EXPERIMENTAL RIG

The investigation was carried out in the wind-tunnel of small turbulence level,
Tu < 0.08%, at the Institute of Fluid-Flow Machinery in Gdansk. The experimental stand
and the heated flat plate was described in [3]. Condition for the external flow were
generated by the grid wire diameter d =1 mm and with mesh M = 3 mm and two
different wake generators (single cylinder and squirrel cage with eight rods of 3 mm
diameter each on its circumference). The frequency of the cylinder and squirrel cage
motion was in both cases the same f= 4 Hz. The flat plate of dimensions: 0.7 m long, 0.6
m wide and 0.012 m thick was used for both the cold and heated boundary layer
investigations. The plate has six different separated heated sections made of high-
resistive foil glued on the plate surface.

The local shear coefficient Cr was find out by means of the velocity gradient in the
boundary layer measured with help of hot-wire, while the Stanton number was
determined by means of the measurement of the temperature distribution in the heated
flat plate by means of the semiconductor sensor mounted below the heated foil. The
heating condition can be describes as non-isothermal but constant heat stream g = const.

3. BOUNDARY LAYER MEASUREMENTS

It is well known that the Reynolds analogy describes proportionality between the
heat and momentum transfer, so to determine the Reynolds analogy both the
momentum transfer and heat transfer is to be measured. Momentum transfer can be
calculated by mean of the measurement of the local shear stress in the boundary layer.
Thus, the velocity profiles and also velocity fluctuations profiles along the cold plate for
different flow conditions were measured by means of the hot-wire. Especially the
velocity gradient du/dy was determined and the local shear stress t calculated:

ou

T, = b (1)
oy o
and then the local shear stress coefficient Crdetermined:
2T
C‘ — w 2

Furthermore, during the experiment also some other characteristics of boundary
layer like its thickness, displacement and momentum thicknesses were measured in
laminar, transitional and turbulent boundary layer regions.

4. HEAT TRANSFER MEASUREMENTS
The determination of local heat transfer coefficient « was made by means of well
known method of electrocalorymetry:
qfa’é[ o qloss
o=——— 3
t’ll,‘ - tOO ( )

where ty - local temperature of the surface (wall), tx - free stream temperature, gyoi -
density of heat flux generated by alternating electrical current,

BIE

qfuil - F

(4)
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where [ = current intensity of the foil (heated section), E - voltage difference of the
heated section, F - surface of the heated section.
And heat losses qioss are given by the formula

qloss = qmd + ql + qd (5)
where radiation losses grqq are given as:
q., = aa(Tuj‘ - T;) (6)

The emissivity of the painting is equal to £ = 0.3.

The heat losses caused by the heat transfer along the plate can be calculated from the
heat balance of the infinitesimal section along the plate and depends on the conductivity
of materials composed the plate and their thicknesses:

q, = (/\pzdpz + 2/\foizdfoiz

2
)2 1n ™
: oz
where Ay, dpr and Agpi, drir are the conductivity coefficients and thicknesses of the plate
and heat foil, and T, is average temperature across the plate T = (Ty +Tq)/2 where T,
and Ty are temperatures on the upper and lower surface (foil) of the plate. These losses

are neglected in the calculations of heat flux.

The heat losses across the plate is given by the following formula:

Q=M (8)

Assuming that the temperature gradient of the plate is constant this formula can be
simpler presented:

AT
7, =X, y ‘ (9)

pl

where dp - is the plate thickness and ATq = (Tu - Td)/2 - temperature difference across
the plate. This time the assumption is made that the temparature across the foil is rather
steady because of its thickness and the foil is the heat source.

Finally, the Stanton number is defined by following formula:

o«
pCpUU

According to the Reynolds analogy, the following formula expresses the relation
between local shear stress Crand the Stanton number St for the laminar boundary layer,
where Pr is the Prandtl number and Cs is non-isothermality coefficient which for the
case of constant heat flux is equal to Cs; = 1.35 [5].

St

(10)

C
St=C_ ?fPr’m (11)

St

Finally, the Reynolds analogy coefficient s was determined by means of following
formula:

C ‘
s=C, 2—SftPr*2/“ (12)

Thus the measurement of Crand St are necessary as mentioned above to determine
the Reynolds analogy coefficient.
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5. TRANSITION IN THE COLD AND HEATED BOUNDARY LAYER

The laminar-turbulent transition can be well described by the intermittency
coefficient y which is the ratio of the time when the flow is turbulent to the whole time of
observation. So for the laminar boundary layer y = 0 and for the turbulent y =1.

Using the intermittency coefficient y the local shear stress coefficient Cr in the
transitional region can be given by following formula:

C,=1-7)-C,+~-C, (13)

The similar formula is usually used to described Stanton number in the transitional
range of boundary layer:

St = (1—~)-St, +~-St, (14)

The cumulative distribution function of Weibull probability distribution was for the
first time proposed [4] for the description of the intermittency factor. The formula below
shows the three parametric Weibul CDF which was used for further calculations.

B

Re —Re,
Re,— Re,
where Rep is the begin of the transition (begin of the CDF of Weibull distribution), Reg is

the shape coefficient ( i.e. point where the intermittency coefficient is equal to (e-1)/e
where e - natural logarithm basis), and £ is the slope coefficient of Weibull distribution.

6. RESULTS OF INVESTIGATION

In Fig. 1 to 3 the Crcoefficient and Stanton number St versus Reynolds number Rey are
shown for different flow condition and the differences in the transitions caused by
different flow conditions are easy to see. In Fig. 1 the Stanton number and Cs coefficient
for the flow with grid with the mesh M = 3 mm and wire with diameter 1 mm is shown
for three oncoming velocities U =10, 15 and 20 m/s.

v=1—exp (15)
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Fig. 1. C;and Stanton number St versus Re for the flow with grid

Next, Fig. 2 shows the local shear stress coefficient Crand Stanton number St for the
flow with one cylinder moving up and down. And finally in Fig. 3 the local shear stress
coefficient Crand Stanton number St for the flow with squirrel cage is showed. In all this
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diagrams the line of Cr and Stanton number St for the laminar and turbulent flow are

appropriately shown.
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Fig. 2. Csand Stanton number St versus Re for the flow
with one cylinder in up and down motion
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Fig. 3. Csand Stanton number St versus Rey
for the flow with squirrel cage in motion f = 4Hz.

Basing on both the Cr and Stanton number measurements and using the equations
(13) and (14) it is possible to find the intermittency coefficient y and then taking twice
the logarithm of the intermittency factor and matching the experimental data by the
least square method it is easy to find the parameters of the Weibull CDF for different
flow. In Fig. 4 an example of this calculation is shown for the Crdistribution.
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Fig. 4. Determination of the three parameters of the CDF of Weibull distribution [6]

The results of these calculations are given in the Tab. 1 using the Stanton number Str
measurements. Almost the same results for Res, Rep and « are calculated using the Cr
coefficient distribution versus Reynolds number.

The application of the Weibull distribution for the intermittency coefficient was first
proposed by Wiercinski [4] who found for the undisturbed flow and natural transition
a = 3.5. This three parametric Weibull distribution quite good expresses the different
reason (turbulence and instationarity of flow) of transition of the flow in boundary layer
especially by the slope parameter . The other parameters of the Weibull distribution
are also included in the Tab. 1 [6].

Tab. 1. Parameters of intermittency coefficient by the Weibull CFD [6]

Sty Ste Rep-105 Re9105 ,B
grid 0.00154 | 0.00273 | 2.72 5.1 3.4
cage 0.0024 0.00266 | 1.12 2.7 2.7
grid +rode | 0.0016 0.00264 | 2.48 4.8 2.7
grid+cage | 0.00263 | 0.0029 1.23 2.6 2.8

And finally the Reynolds analogy coefficient s was determined using the formula (12)
and the results of these calculations are given in the Table 2 [6].

Tab. 2. The Reynolds analogy coefficient s for different flow conditions [6]

It is found that for the case of unsteady flow with wakes from the cage and cage with
grid the Reynolds analogy coefficient is equal to 1.1 while for other flow condition it
equals to 1.0.

Finally on the basis of the accomplished investigation the following formula for the
Prandtl number in the region of transition is proposed:

Pr=(1-~)-Pr+~-Pr (16)
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In this formula the intermittency coefficient yis described by the above given formula
of CFD of Weibull which three parameters were determined by means of reported
method and experiment. This formula can be also found useful in the numerical
calculation of flows with heat transfer.

7. CONCLUSIONS

Basing on the Crand Stanton number St measurements for different flow conditions
(flow with low turbulence level, flow with 3% turbulence and wakes of single cylinder
and of squirrel cage) the Reynolds analogy coefficients s of the heated plate were
determined. Only for the flow with squirrel cage wake the Reynolds analogy coefficient
was greater than one and equal to 1.1, for other onflow conditions the Reynolds
coefficient was equal to one. Moreover, the relationship for the Prandtl number Pr in the
transition region as the weighted function of intermittency given as th CDF of Weibull
and laminar and turbulent Prandtl number was proposed.
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NOMENCLATURE

Cr- local shear stress

Cp — specific heat

Cni — coefficient of nonisothermality
d - thickness

E - voltage difference of the heated section
F - surface of heated section

q - density of heat flux

[ - incidence angle

[ - current intensity

Nu - Nusselt number

Pr - Prandtl number

R - resistivity of foil

Re- Reynolds number

s - Reynolds analogy coefficient

St - Stanton number

T - temperature in 2K

Tu - turbulence level

t - temperature in external flow in 2C
U, - velocity of oncoming flow

(x, y) — coordinates
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Greek symbols

a - local heat transfer coefficient
A - specific heat conductivity

p — density; specific resistivity

€ - emissivity coefficient

o -Stefan - Boltzman constant

Subscripts

d - across plate; lower surface of plate
foil - refers to heated foil

[ - along plate

loss - refers to heat losses

m - mean

pl - refer to plate

rad - refers to radiation losses

u - upper surface of plate

w - refers to plate surface
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Zygmunt Wiercinski, Maciej Kaiser Jacek Zabski

ROZSZERZONA ANALOGIA REYNOLDSA W WARSTWIE PRZYSCIENNE]
NA GRZANE] PLYCIE W ROZNYCH WARUNKACH OPLYWU

Streszczenie

W pracy przedstawiono rezultaty badan rozszerzonej analogii Reynoldsa w warstwie
przy$ciennej na grzanej ptycie w réznych warunkach jej optywu. Na podstawie pomia-
row lokalnego wspétczynnika oporu Cr oraz liczby Stantona wzdiuz ptyty w strumie-
niach o ré6znym poziomie turbulencji wyznaczono rozktad wspétczynnika intermitencji
jako trojparametrowej dystrybuanty rozktadu Weibulla. Dla niestacjonarnego prze-
ptywu ze $§ladami splywowymi warto$¢ wspotczynnika rozszerzonej analogii Reynoldsa
wynosi 1.10, zas w pozostatych badanych przypadkach warto$¢ tego wspéiczynnika
wynosi 1. Ponadto, zaproponowano zastosowanie rozktadu wspdétczynnika intermitencji
w postaci dystrybuanty tréjparametrowego rozktadu Weibulla do wyznaczenia rozktadu
liczby Prandtla w obszarze przejScia laminarno-turbulentnego w warstwie przysciennej
dla przeptywow o réznym poziomie niestacjonarnosci.

3. Bepuunbcky, M. Kaizep, f. XKabcku

PACIIMPEHHAS AHAJIOTUS PEHHOJIB/ICA B IOTPAHUYHOM CJIOE
HA I1IOJIOTPEBAEMO IJIACTUHE B PA3HBIX YC/IOBUAX OBTEKAHUA

Pesome

B pabGoTe mnpeacTaBieHbl pe3yJbTaThl HCCJAE[J0BaHUS paACIIMPEHHOW aHaJIoTUH
PeliHOJIb/ICa B MOrPaHUYHOM CJIO€ Ha MOJOrPEBAaeMOM IJIAaCTHHE B Pa3HbIX YCJIOBUAX
o0TekaHHs. Ha ocHoBe W3MepeHUN JIOKAJbHOrO Ko3dpodulimeHTa CONpoTHBJIeHUs Cr
vuyucaa CTaHTOHaA BJOJIb MJACTHHBI B CTPYSIX C Pa3HbIM ypPOBHEM TYpOYJIEHTHOCTHU
omnpe/jieJieHO pacnpefesieHde Ko3pPUIMeHTa UHTEPMHUTEHIMM KaK TpexmnapaMeTpu-
YeCKOM AUCTpUOYyaHThbl pacnpenesieHuss Belbysaa. [l HecTallMOHApHOTO Te4YeHUs
C cJleflaMy CTeKaHUsl BeJMYMHA Ko3dPUIlMeHTa pacuiMpeHHOW aHasioruu PeiHoJsb/ca
coctaBsseT 1.10, a B OCTaJIbHbIX HCCJAEAYEMbIX CJAy4yasiX BeJHMYUMHA 3TOro KoadpPpu-
nueHTa coctasiseT 1. Kpome Toro, mpejJjiaraeTcs npuMeHeHUe pacnpefieieHusl Ko-
3pduIMeHTa UHTEPMHUTEHIMM B KayecTBe JUCTPUOYaHThbl TpexmnapaMeTpPUyecKoro
pacnpegenenus Belbysna ansa onpeneneHus pacnpegenenus Yuciuo [IpaHaTas B 30He
JIJAMUHAPHO-TYpPOYJIEHTHOTO Mepexo/ia B MOTPAaHUYHOM CJIOE [Jisi TEYEHUUM C pa3HbIM
YPOBHEM HECTALlMOHAPHOCTH.
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