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a b s t r a c t

Due to the complexity of the flow and the difficulty of measuring heat transfer directly in gas turbines or
even in turbine cascade, heat transfer coefficients have been extracted from data obtained in mass trans-
fer measurements using the heat/mass transfer analogy.
The present paper shows the validity of the heat/mass transfer analogy from separate heat transfer and
mass transfer measurements on simulated turbine blades with equivalent experimental and geometric
conditions. The Nusselt numbers from heat transfer experiments employing a constant temperature
boundary condition are compared to the Sherwood number from mass transfer experiments employing
a constant concentration boundary condition.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Mass transfer experiments have been extensively used to deter-
mine heat transfer coefficients using the heat/mass transfer anal-
ogy. Local mass transfer results can be obtained under laboratory
conditions with a high resolution in a short time period. Mass
transfer experiments are free from conduction and radiation errors
which are inherent in heat transfer studies. However, when heat
transfer results are required in complex flows, detailed local
heat/mass transfer analogy factors may be required to convert
the mass transfer data into heat transfer results.

The heat/mass transfer analogy is derived from the conserva-
tion equations of momentum, energy and concentration of a con-
stant property fluid by Nusselt [1] and Schmidt [2]. The heat/
mass transfer analogy implies that heat transfer results can be con-
verted from the mass transfer data under equivalent experimental
conditions and vice-versa. This follows from the similarity of the
equations governing heat and mass transfer.

The non-dimensional heat transfer equation
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and the non-dimensional mass transfer equation
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are very similar. Hence, if the boundary conditions are equivalent
for a given geometry, if Pr is equal to Sc, and Prt is equal to Sct, then
‘h’ in Eq. (1) and ‘m’ in Eq. (2) have the same variations. This essen-
tially describes the heat/mass transfer analogy.

It should, however, be noted that the Prandtl number in a heat
transfer experiment is typically different from the Schmidt number
in a mass transfer experiment. Therefore, the usefulness of the
heat/mass transfer analogy requires simple relations for the case
of unequal Prandtl and Schmidt numbers.

Lewis [3] showed that the heat and mass transfer coefficients
can be accurately related using an expression from universal
velocity profiles in a turbulent boundary layer. Chen and Gold-
stein [4] used n = 1/3 to get an analogy factor with the Colburn
relation Nu

Sh ¼ Pr
Sc

� �n. Goldstein and Cho [5] reviewed the naphtha-
lene sublimation technique and the heat/mass transfer analogy
with a constant heat flux boundary condition. They recom-
mended n = 1/3 for a laminar flow and n = 0.14 for wake regions
in a Colburn type relation. Eckert et al. [6] compared experimen-
tal data with the heat/mass transfer analogy for laminar, turbu-
lent, and three-dimensional flow. However, comparison across
different studies is difficult due to the different geometric and
experimental conditions. Yoo et al. [7] measured local and aver-
age mass transfer rates from a rectangular cylinder. They com-
pared the mass transfer results with heat transfer results from
a constant heat flux experiment. It was concluded that the dis-
crepancy between heat and mass transfer results comes from
the difference in the boundary condition, the effect of ‘n’ in
the Colburn relation, conduction error in heat transfer and
mechanical erosion in mass transfer. Apparently, no heat and
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Nomenclature

AR inlet/exit area ratio of the cascade, =2.72
Cl ðCLÞ chord length, Cl ¼ 184 mm in present study
Cx axial chord length of blade, =130 mm in present study
Dnaph mass diffusion coefficient
F local analogy factor, F ¼ Nu=Sh
H height of blade, =457 mm
h heat transfer coefficient
hm mass transfer coefficient
m dimensionless mass fraction
Mnaph molecular mass for naphthalene, Mnaph ¼ 129:17 kg=kmol
n power index used in heat/mass transfer analogy
n the distance in the direction normal to the wall
Nu Nusselt number, Nu ¼ h � Cl=k
P pitch of blade, =138 mm
pv;w naphthalene vapor pressure at the wall
Pr Prandtl number, Pr ¼ m=a
Prt turbulent Prandtl number, Prt ¼ �=�H

qw heat flux from the wall
R gas constant for naphthalene ðC10H8Þ, R ¼ 0:06487 J=g K
R Universal gas constant
Reex exit Reynolds number, ¼ qUexCl=l
S curvilinear coordinate on the blade
Sp curvilinear coordinate on the pressure surface, cf. Fig. 2
Ss curvilinear coordinate on the suction surface, cf. Fig. 2
Sc Schmidt number, Sc ¼ m=Dnaph
Sct turbulent Schmidt number, Sct ¼ �=�M

Sh Sherwood number, Sh ¼ hm � Cl=Dnaph
St Stanton number, St ¼ Nu

RePr ¼ h=qcpU1
Stm mass transfer Stanton number, Stm ¼ Sh

ReSc ¼ hm=U1
Tw wall temperature

T1 free stream temperature
Taw adiabatic wall temperature
Tn;w surface temperature of naphthalene

Tu turbulence intensity, Tu ¼
ffiffiffiffiffi
u02
p
U1

U1 mainstream inflow velocity in wind tunnel
x coordinate in blade chord direction
xi coordinate along the inflow direction, cf. Fig. 2
y coordinate traverse to the blade chord direction
Z coordinate in spanwise direction of cascade, Z = 0 at the

top

Greek symbols
ds time duration of data run
dt sublimation depth of naphthalene
� turbulent momentum diffusivity
�H turbulent thermal diffusivity
�M turbulent mass diffusivity
qs density of solid naphthalene
qv;1 naphthalene vapor density in free stream
qv;w naphthalene vapor density at the surface
h dimensionless temperature difference
k thermal conductivity of air

Superscript
^ non-dimensional parameter

Subscripts
atm atmosphere property
st static property
w wall property
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mass transfer comparisons have been performed with equivalent
boundary conditions on the same geometry for the evaluation of
the analogy. With a turbulent boundary layer, the effect of differ-
ent thermal boundary conditions may not be as important as in a
laminar flow. However, a constant wall heat flux condition is not
equivalent to a constant wall concentration condition and gener-
ally results in a different heat transfer coefficient. Therefore, a
constant wall temperature boundary condition is required to
get accurate heat/mass transfer analogy factors when a compari-
son is to be made with a mass transfer study, with a constant
wall concentration boundary condition.

The present paper investigates the validity of the analogy and
determines the analogy factor with equivalent boundary condi-
tions on a simulated turbine blade through heat and mass transfer
experiments. For the mass transfer experiment, the naphthalene
sublimation technique is employed to obtain local mass transfer
coefficients. For the heat transfer experiment, a thermal boundary
layer measurement technique is used to obtain local heat transfer
coefficients while maintaining the wall at constant temperature.

In a companion paper [8], the heat/mass transfer analogy on a
endwall is investigated with similar heat and mass transfer exper-
imental techniques.

2. Extended heat/mass transfer analogy

Eckert et al. [6] indicated three methods of applying the
extended heat/mass transfer analogy. One is deduced from the
Navier–Stokes equation for a constant property fluid. Another is
obtained from empirical expressions of heat and mass transfer
equations for a specified flow. The third involves the assumption
that local Nusselt numbers are proportional to the local Sherwood
numbers with the averaged analogy factor ðNu=ShÞ.
The Nusselt (Nu) and Sherwood (Sh) numbers are a function of
the Prandtl and Schmidt numbers, respectively, in addition to the
Reynolds number and the geometry. Their local values can be de-
scribed as

Nu ¼ f ðRe; Pr; x̂iÞ; Sh ¼ f ðRe; Sc; x̂iÞ ð3Þ
For laminar flow on a flat plate, the relations in Eq. (4) are used to
obtain Nusselt and Sherwood numbers

Nu ¼ C1RemPrn; Sh ¼ C1RemScn ð4Þ
However, the Prandtl number of air in the region studied is �0.7
while the Schmidt number of naphthalene (in air) is �2.28. This
means that an analogy factor is required to obtain Nu from Sh and
vice-versa

Nu ¼ F � Sh ð5Þ
Thus, for the same Reynolds number, the analogy factor for a flat
plate can be expressed as

F ¼ Nu
Sh
¼ Pr

Sc

� �n

ð6Þ

where the exponent ‘n’ is determined from known solutions. For a
laminar flow, n = 1/3 is obtained from the solution of the Blasius
equations resulting in F ¼ 0:677 for Pr ¼ 0:707 and Sc ¼ 2:28.

For turbulent flow on a flat plate, a Stanton number correlation
was developed by Eckert and Drake [9]

St ¼ 0:0296Re�1=6
x

1þ 1:48Re�1=10
x Pr�1=6ðPr � 1Þ

ð7Þ

An analogy factor equation can be obtained from Eqs. (3) and (7)
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The analogy relation of Eq. (8) results in F ¼ 0:388 for Rex ¼ 1� 106

with Pr ¼ 0:707 and Sc ¼ 2:28.
Kays and Crawford [10] developed another Stanton number cor-

relation for turbulent flow on a flat plate

St ¼ 0:0287Re�0:2
x

0:85þ 0:169Re�0:1
x ð13:2Pr � 8:66Þ

ð9Þ

An analogy factor can be developed from Eqs. (3) and (9)

F ¼ Pr
Sc

� �
0:85þ 0:169Re�1=10

x ð13:2Sc � 8:66Þ
0:85þ 0:169Re�1=10

x ð13:2Pr � 8:66Þ
ð10Þ

With Rex ¼ 1� 106, Pr ¼ 0:707 and Sc ¼ 2:28, the analogy factor F is
0.479. The analogy factors are listed in Table 1 for different Rey-
nolds numbers.

3. Experimental apparatus and measurement procedure

The test section, shown in Fig. 1, is connected to the exit of the
contraction region of a blowing-type wind tunnel. The bottom
endwall has a large opening where the heat or mass transfer end-
wall can be placed. The top endwall has one rectangular window
for the insertion of the thermal boundary layer probe and visual
observation. The profile of a modern high performance turbine
blade, modified for experimental flow conditions, is used for the
blades in the cascade. The straight section of the tunnel, with a
cross-section of 457 mm� 457 mm and a length of 610 mm, has
slots for inserting grid turbulence generators. A 1 mm diameter
Table 1
Analogy factors (F) for varying Reynolds numbers

No. Rex Eckert and Drake, Eq. (8) Kays and Crawford, Eq. (10)

1 1� 105 0.403 0.548
2 5� 105 0.393 0.498
3 1� 106 0.388 0.479
4 5� 106 0.378 0.440
5 1� 107 0.374 0.326
6 5� 107 0.363 0.395

units : mm

Fig. 1. Test section for the heat an
trip-wire is placed near the exit of the contraction section on the
bottom endwall (820 mm upstream of the stagnation point of
the central blade), to induce a near-fully-developed turbulent
d mass transfer experiment.

ExitCL=184

CL=184
Cx=130
P=138
H=457
Aspect ratio=2.48
units : mm

Fig. 2. Blades configuration in the turbine cascade.
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Fig. 3. Thermal boundary layer probe schematic.
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boundary layer on the endwall at the inlet to the cascade. The
cascade exit flow velocity is calculated from the measured incom-
ing flow velocity and the area aspect ratio (2.72).

3.1. Heat transfer experiment

Local heat transfer coefficients are determined from measure-
ments on a constant temperature blade with a thermal boundary
layer probe. To increase measurement repeatability and reduce er-
ror, a fully automated temperature measurement system was
developed at the Heat Transfer Laboratory, University of Minne-
sota. A detailed description of the heat transfer experiment can
be found in Han and Goldstein [11].

3.1.1. Thermal boundary measurement method
Very near the wall, any turbulence fluctuations are small and go

to zero at the wall, as does the fluid velocity. The thermal energy is
assumed to be transported only by molecular heat conduction in
the viscous sublayer region, resulting in a linear temperature var-
iation with distance from the wall. The heat flux can then be eval-
uated from the thermal gradient as

qw ¼ �k
oT
on

ð11Þ

where n is normal to the surface. The heat transfer coefficient is ob-
tained from the heat flux, wall temperature and free stream
temperature

h ¼ qw

Tw � T1
¼ �koT=on

Tw � T1
ð12Þ

From Eq. (12), the local Nusselt number is expressed as

Nu ¼ hCl

k
¼ �CloT=on

Tw � T1
ð13Þ

Thus, from Eqs. (12) and (13), the precise evaluation of the heat
transfer coefficients and Nusselt numbers depend on the accurate
measurement of the temperature in the viscous sublayer region,
as well as the free stream and wall temperatures. For this calcula-
tion, the wall temperature is obtained by extrapolating the temper-
atures in the sublayer region. Therefore, one must determine the
wall location accurately. The uncertainty in the gradient depends
on the boundary layer thickness and fluctuation of the flow. The
uncertainty in k is negligible. Therefore, the uncertainty of heat flux
is primarily the uncertainty of the temperature measurement. The
uncertainties of the heat flux are 8.7% near the leading edge and
4.0% at Sp=Cl ¼ 0:743. Thinner boundary layer induces higher con-
duction error in determining temperature gradients.

3.1.2. Thermal boundary layer probe
A direct temperature measurement with a micro-thermocouple

is used to determine the thermal gradient near the wall. The pres-
ence of a probe can disturb the flow and influence the heat transfer
measurement. High heat transfer regions can generate large ther-
mal gradients near the wall and cause significant conduction errors
in a thermocouple probe. Also, a high velocity incoming flow can
vibrate the probe. Therefore, the special thermal probe is designed
to reduce flow disturbance, to minimize the conduction error and
to ensure accurate measurement location.

Blackwell and Moffat [12] reviewed temperature measure-
ments using thermocouple probes. They evaluated the perfor-
mance of various thermocouples for conduction errors and
suggested a butt-welded E-type model. For the present study, the
junction of the 76 lm diameter E-type thermocouple is butt-
welded by an electric discharge welding technique. The thermo-
couple probes are shown in Fig. 3. Separate probes are designed
for the suction- and pressure-side measurements. The thermocou-
ple junction is supported by two hypodermic needles and located
centrally between the needles. A Teflon bar connects two hypoder-
mic needles to maintain the geometry. The suction-side probe is
bent clockwise direction when viewed from the top and the diam-
eter of the bent-part is 30 mm. The thermocouple exposure is
14 mm wide and 1 mm high. The pressure-side probe is bent coun-
terclockwise direction when viewed from the top and the diameter
of the bent-part is 25 mm. The probes have different diameters to
ease measurements on the suction and pressure surfaces.

3.1.3. Five-axis measurement unit
To determine the heat flux from the temperature gradient near

the wall, temperatures should be measured in a direction normal
to the wall with high accuracy. As mentioned previously, it is also
critical to know the location of the wall to determine its tempera-
ture. The uncertainty in the measurement of the positions of the
probe and the wall should be small to compare heat and mass
transfer results at the same location on the blade. To achieve this
purpose, a five-axis measurement unit has been designed to locate
the probe at specified positions and to measure temperatures
above and perpendicular to the wall. The wall position is moni-
tored by a programmable limit switch in a motion controller. It
consists of four unislides (‘x’, ‘y’, ‘z’, and ‘n’), one rotating table
(‘h’ in Fig. 4), a supporter and a modified five-axis motion control-
ler. The thermal boundary layer thickness is generally about
500 lm for Reex ¼ 2� 105. The measurement system has a resolu-
tion of 5 lm, two orders of magnitude smaller than the thickness of
the thermal boundary layer. The five-axis system is connected to a
supporter to reduce vibrations from the wind tunnel. The probe is
attached to the z-axis slide and connected to an electrical circuit to
find the wall position. When the probe touches the wall, it closes
the electrical circuit and recognizes the wall position. Since the res-
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olution of the unislide is 5 lm, the wall position is located with po-
sition error in the range of ±2.5 lm. For the heat transfer measure-
ments, 43 positions along the suction surface and 37 positions
along the pressure surface are selected (cf. Fig. 5). The straight lines
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Fig. 6. Vortex model in turbine ca
in Fig. 5 represent the probe positions when moved normal to the
blade surfaces.

3.1.4. Heat transfer blade and temperature control unit
The complicated secondary flows (cf. Fig. 6) in a turbine cascade

induce large thermal gradients over the turbine endwall and blade.
Therefore, a major challenge in this heat transfer experiment is to
maintain a constant wall temperature boundary condition. The
blade active (heated) portion was designed, based on a simulation
:  Suction side leg of horseshoe vortex system
:  Pressure side leg of horseshoe vortex system 
:  Passage vortex
: Wall vortex induced by the passage vortex
:  Suction side leading edge corner vortex
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scades from Wang et al. [19].
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using commercial CFD software, to provide a constant temperature
blade. It consists of a copper section, one bottom insulating section,
one top insulating section, thermocouples and heaters. This blade
is connected to top or middle part of the third blade in the test sec-
tion. Copper is chosen, for its high conductivity, to achieve a uni-
form temperature on the blade surfaces. The span of the copper
part is 133.3 mm and the chord is 184 mm. It has fourteen through
holes for 42 cartridge heaters and one slot near the trailing edge for
three strip heaters. Around the blade surfaces, 60 thermocouple
holes are drilled from the top surface to the bottom surface. In
these holes, thermocouples are embedded near both the pressure,
suction, and tip surfaces. The positions of the thermocouples and
heater holes are indicated in Figs. 7 and 8. For the insulated blades,
using UHMW (ultra high molecular weight) polypropylene with a
low conductivity (�0.4 W/m K) reduces heat conduction losses.
The hollow bottom insulated blade with 3 mm wall thickness
and 53.97 mm height facilitates passage of heater and thermocou-
1
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6 7
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Fig. 7. Constant temperature blade with heater and thermocouple locations.
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Thermocouple
hole

Cylindrical
heater

E-type
thermocouple

Fig. 8. Typical region of the constant temperature blade.
ple wires, as well as minimizes heat conduction loss from the cop-
per blade to the insulated blade. This heat transfer blade is fixed to
the aluminum blades by screws and mounting pins. The top insu-
lated blade is 50 mm high. For measurements in the two-dimen-
sional regions, the top insulated blade is attached to the top of
the heat transfer blade with three bolts. For three-dimensional re-
gion measurements, the top insulated section is taken out from the
heat transfer blade. Then, with an additional aluminum blade, the
heat transfer blade is located near the top endwall.

Heat transfer experiments with the constant temperature con-
dition require a large number of heaters and temperature feedback
in the system. Each heater needs at least one thermocouple to
measure temperature and a power supply to maintain a constant
temperature. The heat transfer blade in the current system has
45 heaters requiring 45 individual temperature controls. To accom-
plish this, a computer-controlled power supply with 128 output
channels was developed at the Heat Transfer Laboratory, Univer-
sity of Minnesota.

3.2. Mass transfer experiment

The naphthalene sublimation technique is used to obtain local
mass transfer results on the mass transfer blade. The detailed
description of this technique is provided by Goldstein and Cho [5].

3.2.1. Naphthalene sublimation method
The method consists of preparing the naphthalene test section,

scanning the initial surface, conducting a wind tunnel experi-
ment, and scanning the final surface. The test surface is prepared
by casting to guarantee repeatability. A constant wall concentra-
tion condition in mass transfer is equivalent to a constant wall
temperature condition in heat transfer, and a non-coated surface
corresponds to an adiabatic wall condition. If the surface is main-
tained at a uniform temperature, the naphthalene vapor pressure
and concentration will be uniform. Subsequently, the boundary
condition is equivalent to a constant wall temperature condition
in heat transfer.

The mass diffusion coefficient of naphthalene in air (0.0681
cm2/s) is taken to be the average of the values from Cho [13]
(0.066 cm2/s) and Chen and Wung [14] (0.0702 cm2/s) at
298.16 K. Cho [13] states that the humidity does not significantly
affect the diffusion coefficient of naphthalene in air. The saturation
vapor density, qv;w, is calculated from the perfect gas law equation
(14)

qv;w ¼
pv;w

RTn;w
¼

Mnaphpv;w

RTn;w
ð14Þ

where Tn;w is the surface temperature and pv;w is the saturation va-
por pressure. The latter is obtained from a correlation by Ambrose
et al. [15]. As the saturated vapor pressure is very sensitive to tem-
perature, it is necessary to control and know the temperature of the
naphthalene surface. The mass transfer coefficient is determined
from

hm ¼
_m

qv;w � qw;1
¼ qsdt=ds

qv;w
ð15Þ

where qv;w is the vapor concentration at the wall and qv;1 ¼ 0 for
the mainstream.

From the mass transfer coefficient and diffusion coefficient, the
Sherwood number can be expressed as

Sh ¼ hmCl

Dnaph
ð16Þ

The uncertainty level of the Sherwood number in the naphthalene
sublimation technique using the methodology described in Cole-
man and Steele [16] is estimated to be approximately 7% at the



Fig. 10. Schematic of mass transfer blade measurement table.
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95% confidence level (±2r). The measurement uncertainty not
including the uncertainty of the naphthalene properties is 5.2%.

3.2.2. Mass transfer blade and measurement equipment
The mass transfer blade has the same profile as the heat transfer

blade and is 197 mm in length. The mass transfer blade, made of
aluminum, was used by Wang et al. [17] for two-dimensional
and three-dimensional measurements without tip clearance. The
mass transfer blade is shown in Fig. 9. The bottom metal cap has
a tapped hole instead of a through hole and the same profile. The
middle part of the test blade is about 2.5 mm deeper than the real
blade. When the blade and outside mold are assembled, the gap
provides space for the melted naphthalene to be cast. The cast sur-
face has the same profile as the metal surface of the blade. The
middle part of the mass transfer blade contains grooves to prevent
naphthalene separation from the metal surface. The local values of
sublimation depth over the naphthalene blade surface are mea-
sured with a computer-controlled four-axis data acquisition sys-
tem. The whole system is essentially made from commercially-
available subassemblies in Fig. 10. It moves the LVDT along the sur-
face of the mass transfer blade and measure the sublimation depth
change.

4. Results and discussion

The experiments are conducted in the two-dimensional- and
three-dimensional-flow regions in the cascade. The two-dimen-
sional-flow region experiments are conducted with each the heat
or mass transfer blade in the middle of the third blade (cf. Fig. 2).
The three-dimensional-flow regions experiments are conducted
with the heat or mass transfer blade in the top of the third blade.
CL=184.15mm

19
7

m
m

2.
5

m
m

9.
5

m
m

Fig. 9. Mass transfer blade.

Table 2
Mass transfer experimental conditions on 2D pressure surface from Jin and Goldstein [18

No. Run number Location Reex

1 MT-Run1-2D-P 2D-Pressure 4:79� 105

2 MT-Run2-2D-P 2D-Pressure 5:75� 105

3 MT-Run3-2D-P 2D-Pressure 5:33� 105
4.1. Mass transfer measurement

In the two-dimensional case, three Reynolds numbers and two
different turbulence intensities (0.2% and 12%) are used for the
mass transfer experiments. Jin and Goldstein [18] measured mass
transfer results in the same cascade. Their results are used to eval-
uate the heat and mass transfer analogy in the two-dimensional-
flow region in the middle of the blade along with the present heat
transfer results. Their results include tip clearance between blade
and wind tunnel top. Since it is less than 1.6 mm ðt=Cl ¼ 0:86%Þ,
the effect of tip clearance is negligible. The detailed experimental
conditions are listed in Tables 2 and 3.

From comparison with Jin and Goldstein [18], it is confirmed
that the present apparatus generates a different passage vortex be-
cause of the heat transfer measurement slot on the top endwall.
The heat transfer measurement slot on the top endwall disturbs
the flow near the endwall. Due to the different geometrical condi-
tions near the top endwall, the mass transfer data from Jin and
Goldstein [18] cannot be used for comparison in the three-dimen-
sional-flow regions. Therefore, mass transfer experiments for the
three-dimensional-flow regions are conducted with the present
setup. One Reynolds number ð2:29� 105Þ and turbulence intensity
ðTu ¼ 0:2%Þ are used to get mass transfer results for the three-
dimensional-flow regions. Due to the difficulties involved with
the heat transfer experiment with the high turbulence intensity
near the endwall, a mass transfer experiment for comparison with
a heat transfer experiment is omitted at the high turbulence inten-
sity used. The experimental conditions are listed in Table 4.

On the suction surface, 53 measurement locations in the
streamwise direction are selected. On the pressure surface, 47
]

Uex ðm=sÞ z=Cl Tu ð%Þ t=Cl ð%Þ

15.5 1.5 0.2 0.86
18.5 1.5 0.2 0.0
17.2 1.5 12.0 0.86



Table 3
Mass transfer experimental conditions on 2D suction surface from Jin and Goldstein [18]

No. Run number Location Reex Uex ðm=sÞ z=Cl Tu ð%Þ t=Cl ð%Þ

1 MT-Run1-2D-S 2D-Suction 4:44� 105 14.4 1.5 0.2 0.86
2 MT-Run2-2D-S 2D-Suction 5:75� 105 18.5 1.5 0.2 0.0
3 MT-Run3-2D-S 2D-Suction 5:55� 105 17.9 1.5 12.0 0.86

Table 4
Mass transfer experiment conditions on 3D pressure and suction surfaces

Run number Location Reex Uex ðm=sÞ z=Cl Tu ð%Þ

MT-Run2-3D-P 3D-Pressure 2:29� 105 19.9 0.09 0.2
0.18
0.28

MT-Run2-3D-S 3D-Suction 2:29� 105 19.9 0.09 0.2
0.18
0.28

Table 5
Heat transfer experimental conditions on 2D pressure surface

No. Run number Location Reex Uex ðm=sÞ z=Cl Tu ð%Þ

1 HT-Run1-2D-P 2D-Pressure 2:64� 105 23.6 1.5 0.2
2 HT-Run2-2D-P 2D-Pressure 2:65� 105 23.5 1.5 0.2
3 HT-Run3-2D-P 2D-Pressure 1:93� 105 17.2 1.5 0.2
4 HT-Run4-2D-P 2D-Pressure 2:35� 105 21.3 1.5 8.5
5 HT-Run5-2D-P 2D-Pressure 1:68� 105 15.2 1.5 8.5

Table 6
Heat transfer experimental conditions on 2D suction surface

No. Run number Location Reex Uex ðm=sÞ z=Cl Tu ð%Þ

1 HT-Run1-2D-S 2D-Suction 2:67� 105 23.4 1.5 0.2
2 HT-Run2-2D-S 2D-Suction 2:43� 105 21.7 1.5 0.2
3 HT-Run3-2D-S 2D-Suction 1:77� 105 15.8 1.5 0.2
4 HT-Run4-2D-S 2D-Suction 2:59� 105 23.1 1.5 8.5
5 HT-Run5-2D-S 2D-Suction 1:78� 105 16.0 1.5 8.5
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measurement locations in the streamwise direction are used. In the
spanwise direction, 55 measurement locations at spanwise direc-
tion from z=Cl ¼ 0:01 (near the top endwall) to 1.0 are chosen for
each streamwise location. For comparison with heat transfer re-
sults, only three spanwise locations ðz=Cl ¼ 0:09; 0:18 and 0:28Þ
are used in present study. Comparison with Wang et al. [17] and
Jin and Goldstein [18] is provided in Fig. 11 at z=Cl ¼ 1 (2D region).
Since those researchers used the same test blade in the same wind
tunnel, a good agreement is expected (Tables 5 and 6).

4.2. Heat transfer measurement

In the two-dimensional-flow region, the heat transfer experi-
ments are conducted for the heat transfer blade surfaces (in
Fig. 5) at spanwise position z=Cl ¼ 1:5. Two Reynolds numbers
and two turbulence intensities are used.

In the three-dimensional-flow region, the heat transfer coeffi-
cients are measured at three spanwise locations ðz=Cl ¼ 0:09;
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Fig. 11. Mass transfer comparison with othe
0:18 and 0:28Þ. The heat transfer experiments for high turbulence
intensity is not conducted for the three-dimensional-flow region.
The experimental conditions are presented in Tables 7 and 8.

Sample boundary layer temperature profiles are shown in
Fig. 12. The data are from HT-Run3-2D-P and HT-Run3-2D-S.
The wall position is zero along n-axis and monitored by the wall
finding technique. In Fig. 12, temperature data below the wall po-
sition were measured and plotted when the probe moves against
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Table 7
Heat transfer experimental conditions on 3D pressure surface

No. Run number Location Reex Uex ðm=sÞ z=Cl Tu ð%Þ

1 HT-Run31-3D-P 3D-Pressure 2:48� 105 21.9 0.09 0.2
2 HT-Run32-3D-P 3D-Pressure 2:49� 105 21.9 0.18 0.2
3 HT-Run33-3D-P 3D-Pressure 2:38� 105 21.3 0.28 0.2

Table 8
Heat transfer experimental conditions on 3D suction surface

No. Run number Location Reex Uex ðm=sÞ z=Cl Tu ð%Þ

1 HT-Run31-3D-S 3D-Suction 2:41� 105 21.4 0.09 0.2
2 HT-Run32-3D-S 3D-Suction 2:41� 105 21.4 0.18 0.2
3 HT-Run33-3D-S 3D-Suction 2:41� 105 21.4 0.28 0.2
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Fig. 12. Sample thermal boundary layer profile on the blade.
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the wall to make sure a contact between the probe and the wall.
The linear conduction region near the wall is used to calculate a
heat flux from the wall. The wall temperature is found from
extrapolation of the temperature profile in the linear region.
The wall temperature is the intersection between the least square
fit line and the wall position. The wall position is known from the
motion controller program with a precision of ±2.5 lm. Therefore,
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Fig. 13. Boundary layer thickness and turbulence
if the wall temperature is properly controlled and the wall posi-
tion is accurately found, the extrapolated wall temperature
should be close to the set temperature. However, the extrapolated
wall temperature (45.1 �C and 45.3 �C) is more than the set tem-
perature (45.0 �C) by 0.1 �C and 0.3 �C due to the small number of
heaters and thermocouples in the blade at the location examined
in Fig. 12.
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The heat transfer results are measured from Ss=Cl ¼ 0:074 (suc-
tion surface) to the trailing edge. Due to the access limitation, this
is the closest position to the leading edge that can be achieved on
the suction surface. For the pressure surface, measurement are ta-
ken from the leading edge ðSp=Cl ¼ 0:0Þ to the trailing edge. The
heat transfer data are acquired at low Reynolds number flow and
do not show early transition on the suction side in the two-dimen-
sional regions even at high turbulence intensity. The heat transfer
measurements are limited in the high heat transfer regions. Very
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Fig. 14. Heat/mass analogy with n = 1/3 at z=C
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Fig. 15. Heat/mass analogy with n = 0.5 at z=C
thin thermal boundary layers result in significant errors and high
uncertainty.

4.3. Heat and mass transfer analogy

For the two- and three-dimensional-flow regions, Nusselt and
Sherwood numbers are compared to examine the validity of the
heat/mass transfer analogy on a turbine blade. The Nusselt and
Schmidt numbers are expressed in Eq. (4). To ease comparison,
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the Nusselt number is normalized, Nu=ðRe1=2
x PrnÞ with Pr ¼ 0:707

(air), as is the Sherwood number, Sh=ðRe1=2
x ScnÞ with Sc ¼ 2:28

(naphthalene). Two different values of ‘n’ are traced – ‘n = 1/3’
(F = 0.677) for the laminar flow and ‘n = 0.5’ (F = 0.557) for the tur-
bulence flow.

Flow over the blade is not tripped by a wire or other intentional
roughness. More or less naturally, the boundary layer on the blade
changes from laminar to turbulent. Careful attention should be gi-
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Fig. 16. Heat/mass analogy with n = 1/3 at z=C
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Fig. 17. Heat/mass analogy with n = 0.5 at z=C
ven to the development of the flow on both pressure and suction
surfaces. Local maximum turbulence intensity,and momentum
and displacement thicknesses at z=Cl ¼ 1:0 (two-dimensional re-
gion), Re ¼ 1:9� 105 and Tu ¼ 0:2% in free stream are plotted in
Fig. 13 for the pressure and suction sides, to show the flow devel-
opment. To measure them, the five-axis system and a single hot-
wire probe are used instead of the thermal boundary layer probe.
On the same location of the heat transfer measurement for both
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pressure and suction surface, flow velocities are measured when
the hot-wire moves out from the blade surface. The momentum
and displacement thicknesses on the pressure surface increase
with S near the leading edge and then decrease due to strong flow
acceleration. The local maximum turbulence intensity near the
wall increases up to Sp=Cl ¼ 0:2 and then decreases on the down-
stream part of the pressure side. Even though the boundary layer
appears to experience relaminarization, it has a high local turbu-
lence intensity (>6%) on the entire pressure surface. On the suction
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Fig. 18. Heat/mass analogy with n = 1/3 at z=Cl ¼ 1:5
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Fig. 19. Heat/mass analogy with n = 0.5 at z=Cl ¼ 1:5
surface, the momentum and displacement thicknesses reach small
minima near the leading edge and then grow again from
Ss=Cl ¼ 0:4. The local maximum turbulence intensity decreases
from 4% to 1.2% at Ss=Cl ¼ 0:6 and then increments further
downstream.

4.3.1. Two-dimensional-flow region
Heat and mass transfer comparisons for ‘n = 1/3’ (F = 0.677) and

‘n = 0.5’ (F = 0.557) are shown in Figs. 14 and 15 for the pressure
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surface in the two-dimensional-flow region. Due to the boundary
layer development from laminar to turbulent, ‘n = 1/3’ (F = 0.677)
shows a good agreement near the leading edge, up Sp=Cl ¼ 0:2,
and ‘n = 0.5’ (F = 0.557) shows a good agreement on the down-
stream part of the blade. Strictly speaking, the analogy factor, F is
not constant on the blade surface. As expected, the development
of the boundary layer from laminar to turbulent alters the analogy
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Fig. 20. Heat/mass analogy with n = 1/3 at z=Cl ¼ 1:5
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Fig. 21. Heat/mass analogy with n = 0.5 at z=Cl ¼ 1:5
factor. The Nusselt number from the leading edge to Sp=Cl ¼ 0:05 is
smaller than Sherwood number with the analogy factor (0.557 or
0.677) in Figs. 14 and 15. One of the possible reasons is the limita-
tion of heat transfer measurement. Near the leading edge, the flow
has a very thin thermal boundary layer. Therefore, the results are
affected by the conduction error in the probe. It is difficult to mea-
sure temperature properly if the thickness of the linear region is
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less than 100 lm. In addition, near the stagnation line small mis-
alignment of the probe can have big impact to compare the heat
and mass transfer results.

Figs. 16 and 17 provide heat and mass transfer comparisons
with ‘n = 1/3’ and ‘n = 0.5’ on the suction surface in the two-dimen-
sional-flow region. Due to the limitation of the measurement slot,
comparisons are made only from Ss=Cl ¼ 0:074 to Ss=Cl ¼ 1:2.
Using ‘n = 1/3’ (F = 0.677) provides a good match for Ss=Cl > 0:65
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Fig. 22. Heat/mass analogy with n = 1/3 on the
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Fig. 23. Heat/mass analogy with n = 0.5 on the
to the transitional region ðSs � 1:2Þ in Fig. 16. Using ‘n = 0.5’
(F = 0.557) provides a good agreement from Ss=Cl ¼ 0:074 to
Ss=Cl ¼ 0:65 in Fig. 17. The value of the analogy factor on the suc-
tion surface is affected by variation in the local maximum turbu-
lence intensity and boundary layer development as indicated in
Fig. 13. Thus, ‘n = 1/3’ (F = 0.677) in Fig. 16 shows a good agreement
in lower local turbulence intensity region and thicker boundary
layer region, Fig. 13b and ‘n = 0.5’ (F = 0.557) in Fig. 17 shows a
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good agreement in higher local turbulence intensity regions and
thinner boundary layer regions, Fig. 13b.

A high turbulence intensity, Tu ¼ 8:5%, is used for heat transfer
measurement while Tu ¼ 12% was used in the mass transfer mea-
surements of Jin and Goldstein [18]. Figs. 18 and 19 compare the
heat/mass transfer analogy on the pressure side for high free
stream turbulence. Fig. 19 shows that the analogy factor does not
change from Sp=Cl ¼ 0:2 to Sp=Cl ¼ 1:0 on the pressure surface with
0 0.2 0.4 0.6
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

S

S
h/

(R
e1/

2
ex

S
cn ),

N
u/

(R
e1/

2
ex

P
rn )

n= 0.33, F=0.677

Re
ex

=2.29e
Re

ex
=2.41e

Re
ex

=2.29e
Re

ex
=2.41e

Re
ex

=2.29e
Re

ex
=2.41e

Fig. 24. Heat/mass analogy with n = 1/3 on the
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Fig. 25. Heat/mass analogy with n = 0.5 on the
the high free stream turbulence. A constant value, ‘n = 0.5’
(F = 0.557) on the pressure surface appears valid with high turbu-
lence intensity. The high turbulence intensity apparently develops
the flow on the pressure surface faster at the lower turbulence
intensity.

Figs. 20 and 21 compare the heat and mass transfer results on
the suction side for high turbulence intensity. The mass transfer re-
sults in Fig. 21 indicate early transition ðSs=Cl � 0:85Þ, but the heat
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transfer results do not, probably because the latter are obtained at
low Reynolds number. At the high turbulence intensity, the anal-
ogy factor has a constant value (n = 0.5, F = 0.557) from
Ss=Cl ¼ 0:074 to Ss=Cl � 0:85. At large Ss=Cl, the flow experiences
early transition in the higher Reynolds number mass transfer
experiment. Turbulence weaken relaminarization of the flow and
induce fully-developed turbulence flow on the suction side.

4.3.2. Three-dimensional-flow region
Figs. 22–25 compare heat and mass transfer results at

z=Cl ¼ 0:09, z=Cl ¼ 0:18 and z=Cl ¼ 0:28 in the three-dimensional-
flow regions. The three-dimensional-flow regions are generated
by the passage vortex near the endwall. This primarily affects the
heat/mass transfer on the suction surface. Figs. 22 and 23 show
that on the pressure surface, ‘n = 1/3’ and ‘n = 0.5’ match the heat
transfer results with mass transfer results at different value of Z.
This value, ‘n = 0.5’ (F = 0.557), is valid along the pressure side ex-
cept the leading edge at all spanwise positions. Near the leading
edge, ‘n = 1/3’ matches the heat and mass transfer results well as
in the two-dimensional-flow regions. Note the current heat trans-
fer results near the stagnation line suffer inaccuracy due to the
conduction error and the difficulty of the probe alignment.

On the suction side, ‘n = 0.5’ (F = 0.557) matches heat transfer
results to mass transfer results near the endwall before the passage
vortex touches the surface in Figs. 24 and 25. At large spanwise
positions ðz=ClÞ, the touch point of the passage vortex moves
downstream which is clearly shown. At the triangular region
caused by the passage vortex, heat and mass transfer results do
not show a good agreement with ‘n = 0.5’ (F = 0.557). There are
complex flows in this region including vortices, reverse flow, sep-
aration and etc. Note the heat transfer results are not properly
evaluated in this region where ‘n = 0.6’ (F = 0.495) and ‘n = 0.7’
(F = 0.441) can be used to match heat and mass transfer results.
However, the exact analogy factors are still questionable in these
regions where vortices impinge or separate on the surface as the
heat transfer measurements are more uncertain there.
5. Conclusions

Heat and mass transfer experiments with equivalent boundary
conditions have been conducted to investigate the heat/mass trans-
fer analogy on a blade in a simulated turbine cascade. The heat
transfer and mass transfer data are compared with Nu=ðRe1=2

x PrnÞ
with Pr ¼ 0:707 and Sh=ðRe1=2

x ScnÞ with Sc ¼ 2:28, respectively.
Heat transfer measurements in the two-dimensional-flow re-

gion on the blade have been compared with mass transfer data
from Jin and Goldstein [18]. A value ‘n = 1/3’ (F = 0.677) works well
in the laminar regions, while ‘n = 0.5’ (F = 0.557) appears best for
the turbulent regions. With low turbulence intensity, the analogy
factor appears to change along the development of the flow on
both pressure and suction surfaces. However, the analogy factor
seems to be a constant value for both pressure and suction surfaces
with high turbulence intensity.

Heat and mass transfer measurements conducted on the blade
near the endwall also indicate ‘n = 1/3’ (F = 0.677) for laminar re-
gions and ‘n = 0.5’ (F = 0.557) for turbulent regions in the three-
dimensional-flow region. Near the wall, the analogy factor on both
pressure and suction surfaces are similar to the value in a two-
dimensional-flow region with high free stream turbulence. Near
the endwall, ‘n = 0.5’ (F = 0.557) is valid for the pressure and suc-
tion surfaces except the triangular region on the suction side, af-
fected strongly by the passage vortex in the triangular region. In
this region, ‘n = 0.6’ (F = 0.495) or ‘n = 0.7’ (F = 0.441) can be used
to match heat and mass transfer coefficients. However, the exact
analogy factor is still questionable where the complicated second-
ary flows occur. Errors in the heat transfer measurements near the
leading edge also can cause significant uncertainty in the analogy
factors.
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