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Abstract

Heat transfer measurements in gas turbine cascades are often difficult because of thin boundary layers, complex secondary flows, and
large variation in local heat transfer rates. Thus mass transfer techniques have often been used as an alternative method, the heat transfer
coefficients being then calculated from the heat/mass transfer analogy.

To ensure confidence in the quantitative conversion to the heat transfer coefficients from the mass transfer results, evaluation of the
analogy factors is crucial. The present paper examines the validity of the heat/mass transfer analogy, evaluating the analogy factors on a
simulated turbine endwall, with separate heat and mass transfer experiments with equivalent flow and geometric conditions. The Nusselt
numbers, determined from the heat transfer experiments with a constant wall temperature boundary condition are compared to Sher-
wood numbers from the mass transfer experiments employing a constant wall concentration boundary condition to evaluate the
heat/mass transfer analogy.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Mass transfer experiments have been extensively used to
determine heat transfer coefficients using the heat/mass
transfer analogy. Local mass transfer results can be
obtained under laboratory conditions with a high resolu-
tion and precision in a short time period. Mass transfer
experiments are free from conduction and radiation errors
which are inherent in heat transfer studies. However, when
precise heat transfer results are required, detailed local
heat/mass transfer analogy factors may be required to con-
vert the mass transfer data into heat transfer results.

The heat/mass transfer analogy is derived from the con-
servation equations of momentum, energy and concentra-
tion of a constant property fluid by Nusselt [1] and
Schmidt [2]. A heat/mass transfer analogy implies that heat
transfer results can be converted from the mass transfer
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results 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 essentially describes the heat/
mass transfer analogy. It should, however, be noted that
the Prandtl number in a heat transfer experiment is typi-
cally different from the Schmidt number in a mass transfer
experiment. Therefore, the usefulness of the heat/mass
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Nomenclature

AR inlet/exit area ratio of the cascade = 2.72
Cl; ðCLÞ characteristic length, Cl ¼ 184 mm in present

study
Cx axial chord length of blade, =130 mm in present

study
d distance from a blade leading edge
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 naphtha-

leneðC10H8Þ;R ¼ 0:06487 J=g K
R universal gas constant
Reex exit Reynolds number, ¼ qU exCl=l
S curvilinear coordinate on the blade
Sp curvilinear coordinate on the pressure surface,

cf. Fig. 8
Ss curvilinear coordinate on the suction surface, cf.

Fig. 8
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
T w wall temperature
T1 free stream temperature
T aw adiabatic wall temperature
T n;w surface temperature of naphthalene

Tu turbulence intensity, Tu ¼
ffiffiffiffi
u02
p
U1

U1 mainstream inflow velocity in wind tunnel
x coordinate in blade chord direction
xi coordinate along the inflow direction, cf. Fig. 8
y coordinate traverse to the blade chord direction
Z coordinate in spanwise direction of cascade,

Z ¼ 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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transfer analogy requires simple relations for the case of
unequal Prandtl and Schmidt numbers.

Lewis [3] showed that the heat and mass transfer coeffi-
cients can be accurately related using an expression from
universal velocity profiles in a turbulent boundary layer.
Chen and Goldstein [4] used n ¼ 1=3 to get an analogy fac-
tor with the Colburn relation Nu

Sh ¼ Pr
Sc

� �n
. Goldstein and Cho

[5] reviewed the naphthalene sublimation technique and the
heat/mass transfer analogy with a constant heat flux
boundary condition. They recommended n ¼ 1=3 for a
laminar flow and n ¼ 0:14 for wake regions in a Colburn
type relation. Eckert et al. [6] compared experimental data
with the heat/mass transfer analogy for laminar, turbulent,
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 average mass transfer rates from a rectangular cylin-
der. They compared the mass transfer results with heat
transfer results from a constant heat flux experiment. It
was concluded that the discrepancy between heat and mass
transfer results comes from the difference in the boundary
condition, the effect of ‘n’ in the Colburn relation, conduc-
tion error in heat transfer and mechanical erosion in mass
transfer. Apparently, no heat and mass transfer compari-
sons have been performed with equivalent boundary condi-
tions on the same geometry for the evaluation of the
analogy. With a turbulent boundary layer, the effect of dif-
ferent thermal boundary conditions may not be as impor-
tant as in a laminar flow. However, the constant wall
heat flux condition is not equivalent to the constant wall
concentration condition and generally results in a higher
heat transfer coefficient than the latter. Therefore, a con-
stant wall temperature boundary condition is required to
get accurate heat/mass transfer analogy factors when a
comparison is to be made with a mass transfer study, with
a constant wall concentration boundary condition.



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
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The present paper investigates the validity of the anal-
ogy and determines the analogy factor with equivalent
boundary conditions on a simulated turbine endwall
through heat and mass transfer experiments. For the mass
transfer experiment, the naphthalene sublimation tech-
nique 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 trans-
fer coefficients while maintaining the wall at constant
temperature.

In a companion paper, the heat/mass transfer analogy
on a blade is investigated with similar heat and mass trans-
fer experimental 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 aver-
aged 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 described as

Nu ¼ f ðRe; Pr; bxiÞ; Sh ¼ f ðRe; Sc; bxiÞ: ð3Þ
For laminar flow on a flat plate, the empirical relation of
Eq. (4) is used for obtaining the 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 a conversion 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 solu-
tions. For a laminar flow, n ¼ 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 [8]

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)
F ¼ Pr
Sc

� �
1þ 1:48Re�1=10

x Sc�1=6ðSc� 1Þ
1þ 1:48Re�1=10

x Pr�1=6ðPr � 1Þ
: ð8Þ

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 [9] developed another Stanton num-
ber correlation 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

Another analogy factor equation for a turbulent flat plate
is 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 each equation for different Reynolds numbers.
3. Experimental method and setup

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 endwall 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 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 boundary layer on the endwall
at the inlet to the cascade. The cascade exit flow velocity
is calculated using incoming flow velocity and the area
aspect ratio (2.72).
3.1. Heat transfer experiment

Local heat transfer coefficients are determined from
measurements on a constant temperature endwall with a
thermal boundary layer probe. To increase measurement



Fig. 1. Test section for the heat and mass transfer experiment.
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Fig. 2. Thermal boundary layer probe schematic.
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repeatability and reduce error, a fully automated tempera-
ture measurement system was developed at the Heat Trans-
fer Laboratory, University of Minnesota. A detailed
description of the heat transfer experiment can be found
in Han and Goldstein [10].

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 molec-
ular heat conduction in the viscous sublayer region, result-
ing in a linear temperature variation with distance from the
wall. The heat flux can then be evaluated from the thermal
gradient as

qw ¼ �k
oT
on
; ð11Þ

where n is normal to the surface. Subsequently, the heat
transfer coefficient is obtained from the heat flux, wall tem-
perature and free stream temperature

h ¼ qw

T w � T1
¼ �koT=on

T w � T1
: ð12Þ

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

Nu ¼ hCl

k
¼ �CloT=on

T w � 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 vis-
cous sublayer region, as well as the freestream and wall
temperatures. For this calculation, the wall temperature
is obtained by extrapolating the temperatures in the sublay-
er region. Therefore, one must determine the wall location
accurately.
3.1.2. Thermal boundary layer probe

A direct temperature measurement with a micro-thermo-
couple is used to determine the thermal gradient near the
wall. The presence of a probe can disturb the flow and influ-
ence the heat transfer measurement. High heat transfer
regions can generate large thermal gradients near the wall
and cause significant conduction errors in a thermocouple
probe. Also, the high velocity of 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 [11] reviewed temperature mea-
surements using thermocouple probes. They evaluated the
performance of various thermocouples for conduction
errors and suggested a butt-welded E-type model. For the
present study, the junction of the / ¼ 76 lm E-type ther-
mocouple is butt-welded by an electric discharge welding
technique. The thermal probe is shown in Fig. 2. The ther-
mocouple junction is located midway between two hypoder-
mic needles. The exposed part of the thermocouple wire is
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14 mm wide and has a slight curvature (1 mm), so that the
junction, when moved, touches the wall first.

The location of the thermocouple probe is designed to
coincide with that of the heat transfer measurement. How-
ever, when it moves downstream, increased flow speed can
band the probe tube and cause difference between the loca-
tion of heat transfer measurement and the probe.

3.1.3. Five-axis measurement unit

To determine the heat flux from the temperature gradi-
ent near the wall, temperatures should be measured in a
direction normal to the wall with high precision. As men-
tioned previously, it is critical to know the location of the
wall to determine its temperature accurately. The uncer-
tainty 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 endwall. 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 monitored 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. 3), a sup-
porter and a modified five-axis motion controller. The
thickness of the sublayer in the thermal boundary layer is
generally about 500 lm at Reex ¼ 2� 105, while the mea-
surement system has a resolution of 5 lm. Thus, the reso-
lution is two orders of magnitude smaller than the
thickness of the thermal boundary layer. The five-axis sys-
tem 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 posi-
tion. When the probe touches the wall, it closes the electri-
cal circuit and recognizes the wall position. Since the
x

y

z

n θ

Fig. 3. Five-axis measurement unit sketch.
resolution of the unislide is 5 lm, the wall position is
located with position error in the range of �2:5 lm. For
the heat transfer measurement, 140 positions are carefully
chosen to measure heat transfer data from the heat transfer
endwall, as shown in Fig. 4.
3.1.4. Heat transfer endwall and temperature control unit

The complicated secondary flows (cf. Fig. 5) in a turbine
cascade induce large thermal gradients over the turbine
endwall. Therefore, a major challenge in this heat transfer
experiment is to maintain a constant wall temperature
boundary condition. The following key steps were followed
to design the heat transfer endwall. The active (heated) por-
tion of the endwall was designed based on a simulation
using a commercial CFD software. It has 128 Kapton strip
heaters and 138 E-type thermocouples. Three different
heaters are used: 12:8� 12:8 mm;38:4� 12:8 mm;192�
12:8 mm. Each heater has one E-type thermocouple except
that the 192� 12:8 mm size heater has three thermocou-
ples. The locations of the heaters and thermocouples are
shown in Fig. 6. The locations of the thermocouples are
marked by ‘plus’ symbols. The heat transfer endwall only
covers one passage between the third and the fourth blades.
Fig. 7 shows the cross section of the heat transfer endwall.
It consists of a aluminum plate having a thickness of 5 mm,
Kapton strip heaters, E-type thermocouples, a balsa wood
plate, and a phenolic insulated plate.

Heat transfer experiments with the constant temperature
condition require a large number of heaters and tempera-
ture 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 trans-
fer endwall in the current system has 128 heaters and there-
fore requires 128 individually temperature control units.
Therefore, a computer-controlled power supply with 128
output channels was developed at the Heat Transfer Labo-
ratory, University of Minnesota.
3.2. Mass transfer experiment

The naphthalene sublimation technique is used to obtain
local mass transfer results on the mass transfer endwall.
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 tun-
nel experiment, and scanning the final surface. The test sur-
face is prepared by casting to guarantee repeatability. A
constant wall concentration condition in mass transfer is
equivalent to a constant wall temperature condition in heat
transfer, and a non-coated surface corresponds to an adia-
batic wall condition. If the surface is maintained at a uni-
form temperature, the naphthalene vapor pressure and
concentration will be uniform. Subsequently, the boundary
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Fig. 5. Vortex model in turbine cascades from Wang et al. [18].
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Fig. 6. Constant temperature endwall with heaters and thermocouples
locations.
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Fig. 7. Typical cross section of the constant temperature endwall.
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condition is equivalent to a constant wall temperature con-
dition in heat transfer.

The mass diffusion coefficient of naphthalene in air
ð0:0681 cm2=sÞ is obtained as the average of the values
from Cho [12] ð0:066 cm2=sÞ and Chen and Wung [13]
ð0:0702 cm2=sÞ at 298.16 K. In addition, Cho[12] states that
the humidity does not significantly affect the diffusion coef-
ficient of naphthalene in air. The saturation vapor density,
qv;w, is calculated from the perfect gas law Eq. (14).

qv;w ¼
pv;w

RT n;w

¼
Mnaphpv;w

RT n;w

; ð14Þ
where T n;w is the surface temperature and pv;w is the satura-
tion vapor pressure. The latter is obtained from a correla-
tion by Ambrose et al. [14]. As the saturated vapor pressure
is very sensitive to temperature, it is necessary to control
the temperature of the naphthalene surface very carefully.
Subsequently, 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 an impermeable
wall and qv;1 ¼ 0 for the mainstream.

From the mass transfer coefficient and diffusion coeffi-
cient, 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 Coleman and Steele [15] is estimated to be
approximately 7% at the 95% confidence level ð�2rÞ. The
uncertainty of mass transfer coefficient not including that
of the diffusion coefficient is 5.2%, which includes those
of naphthalene vapor density and saturated vapor pressure.
3.2.2. Mass transfer endwall and measurement equipment

The mass transfer endwall, machined from aluminum,
has a reservoir 2.54 mm deep to hold naphthalene. The side
rims have a 5 mm width to provide reference points. The
rims of the mass transfer endwall are highly polished to
enhance the repeatability of the measurements. To align
two separate measurement points before and after the wind
tunnel experiment, a small reference point is drilled into the
reference rim surface. Three holes for three E-type thermo-
couples are drilled into the reservoir so that the surface
temperature of naphthalene can be monitored during each
experiment. To ensure a smooth surface in the casting
method, a highly polished cover plate is prepared. Two
holes are drilled inside of the reservoir: a vent hole and
the injection hole for the molten naphthalene. Since the
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mass transfer endwall is larger, additional bolts and nuts
are used to prevent the lifting of the cover plate in the cen-
ter of the endwall. Otherwise, the naphthalene liquid leaks
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Fig. 8. Blades configuration on the heat and mass transfer endwalls.
into the gap between the endwall and the cover plate, lead-
ing the LVDT to go out of range during the surface scan-
ning. After the naphthalene liquid is poured into the setup,
it is solidified in the mold and makes the test endwall.
Unlike the heat transfer endwall, the mass transfer endwall
(Fig. 8) covers two passages in the turbine cascade.

An automated scanning system is used to measure the
sublimation depth in the mass transfer experiments. It con-
sists of two unislides and one motion controller. The cur-
rent system, cf. Fig. 9, can take measurement at five
thousand locations in one hour. The sublimation depth is
about 60 lm, and therefore a careful alignment of the ref-
erence point is crucial to get reliable data. Before each sur-
face scanning, the reference point is found and set to zero
by the linear voltage displacement transformer (LVDT)
and the motion controller.
4. Results and discussion

To evaluate the analogy factor on a turbine endwall,
heat transfer and mass transfer experiments are conducted
with equivalent experimental and geometrical conditions.
In this paper, local mass transfer and heat transfer results
on the endwall are compared using the heat/mass transfer
analogy.
4.1. Mass transfer results

For the mass transfer experiments, the endwall is active
(subliming), whereas the blades are not. The mass transfer
results are presented to investigate the performance of a
leading edge modification, as described in Han and Gold-
stein [16]. Four different mass transfer experiments were
conducted: two Reynolds numbers (4:38� 105 and
5:77� 105) with a low turbulence intensity (0.2%), and
two Reynolds numbers (4:27� 105 and 5:67� 105) with a
high turbulence intensity (8.5%). The high turbulence
intensity in the flow is generated using a bar grid and mea-
sured with a hot-wire anemometer. The experimental con-
ditions for mass transfer are listed in Table 2.

For detailed local measurements, 5000 locations are
selected to cover two flow passages on the mass transfer
surface. The run time of the mass transfer experiment in
the wind tunnel depends on the flow velocity and is chosen
to provide � 60 lm as the average sublimation loss.

To quantify the results from the mass transfer experi-
ment, they are compared with the results from Goldstein
and Spores [17] upstream of the leading edge. Fig. 10 shows
that the horseshoe vortex and the leading edge corner vor-
tex are closely located compared with the earlier results
(obtained with a different blade geometry) and shows only
one peak point for all cases, while the Stanton number
from the earlier tests show two peaks. The current blade
has a small and sharp leading edge, but the earlier tests
were done on a blade with a blunt leading edge. It is rea-
sonable to think that the current design generates relatively
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Table 2
Mass transfer experimental conditions on the endwall

No Run Trip wire (mm) Reex U ex ðm=sÞ Tu ð%Þ
1 MT-Run15 1.0 4:38� 105 38.5 0.2
2 MT-Run11 1.0 5:77� 105 50.6 0.2
3 MT-Run17 1.0 4:27� 105 37.4 8.5
4 MT-Run19 1.0 5:67� 105 49.9 8.5
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a small horseshoe vortex close to the leading edge corner
vortex.

The influence of the passage vortex, horseshoe vortex,
leading edge corner vortices, and second corner vortices
are observed in Fig. 11. As mentioned in Han and Gold-
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stein [16], high turbulence reduces the development of the
passage vortex and horseshoe vortex, cf. Fig. 12. The Sher-
wood numbers from the mass transfer experiments are nor-
malized for the verification of the heat/mass transfer
analogy by Re1=2. Regardless of the Reynolds number, nor-
malized Sherwood number distributions show similar
results. Therefore, only MT-Run15 and MT-Run17 are
shown in Figs. 11 and 12.
4.2. Heat transfer results

For the heat transfer measurements, three different cases
are investigated. To establish an equivalent condition to
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Fig. 11. Sherwood number contour plot with Reex ¼ 4:38� 105 and Tu ¼ 0:2% from Han and Goldstein [16].
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Fig. 12. Sherwood number contour plot with Reex ¼ 4:27� 105 and Tu ¼ 8:5% from Han and Goldstein [16].

Table 3
Heat transfer experimental conditions on the endwall

No Run Trip wire (mm) Reex U ex ðm=sÞ Tu ð%Þ
1 HT-Run11 1.0 2:56� 105 21.6 0.2
2 HT-Run12 1.0 1:95� 105 16.2 0.2
3 HT-Run13 1.0 2:29� 105 19.6 8.5
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the mass transfer experiment, the endwall is maintained at
a constant temperature, while the blades are approximately
adiabatic. The heat transfer experiments employ smaller
Reynolds number than the mass transfer experiments to
prevent excessive probe vibration and misalignment due
to bending. The heat transfer results are partially presented
to show the thermal boundary layer measurement tech-
nique in Han and Goldstein [10]. The experimental condi-
tions are listed in Table 3.

After each thermal boundary layer is measured at the
heat transfer endwall, the thermal gradient is carefully eval-
uated in the linear conduction region. In addition, the wall
and mainstream flow temperatures are required to evaluate
the Nusselt number. The wall temperature is determined by
extrapolating the linear (least square) fit line in the conduc-
tion region to its intersection with the wall position. The
wall position is determined by the motion controller to a
precision of 2:5 lm. The uncertainties in the temperature
gradient and the Nusselt numbers are evaluated from the
measured temperatures. The uncertainty of the gradient
depends on the boundary layer thickness and fluctuation
of the flow. Each measurement position has a thermal
boundary layer profile similar to the one shown in Fig. 13.

The local Nusselt numbers from the heat transfer exper-
iments are plotted as contour graphs, as labeled in Figs. 14
and 15. They show the Nusselt number distributions from
HT-Run11 and HT-Run13, respectively. Since HT-Run12
does not show significant difference from HT-Run11, it is
not presented here. Unlike the mass transfer figures, it is
difficult to see here the development of vortices due to
the smaller number of measurement points (140 vs. 5000)
in the contour plots. There is a shortage of measurements
near the blades, due to the probe design and efforts to
avoid breaking the probe. Therefore, high heat transfer
regions by the passage vortex, pressure and suction corner
vortices are not clearly observed. However, the high heat
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transfer region by the horseshoe vortices near the leading
edge is well observed in these plots. The Nusselt numbers
from the heat transfer experiments are normalized for the
heat/mass transfer analogy by Re1=2.

4.3. Heat/mass transfer analogy factor

Expressions for the heat/mass transfer analogy factor
(Eqs. (8) and (10)) are not convenient for data comparison.
Consequently, the Nusselt and Sherwood numbers are
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expressed using the Prandtl and Schmidt numbers and an
exponent ‘n’, as in Eq. (6). Thus for the comparison, we
assume that the Nusselt number is expressed as

Nu ¼ f ðxÞRem
x Prn ð17Þ

and the Sherwood number is determined from

Sh ¼ f ðxÞRem
x Scn; ð18Þ

where f ðxÞ is a function for a certain geometry. The anal-
ogy factor is evaluated using Eqs. (17) and (18). The com-
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parison between heat and mass transfer results require not
only equivalent experimental conditions, but also the same
measurement positions. With the smaller number of mea-
surement locations in the heat transfer studies, Sherwood
numbers from the mass transfer experiments are interpo-
lated to get values at the measurement locations (cf.
Fig. 4) corresponding heat transfer experiment.

The two-dimensional plots from Figs. 16–21 show the
heat/mass transfer coefficients for these experiments. The
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Fig. 17. Heat and mass transfer analogy
rectangular bars represent the turbine blades and change
in width with streamwise positions. The numbers inside
the rectangular bars represent the blade number. The letter
‘P’ means the pressure side and the letter ‘S’ means the suc-
tion side. Normalized Nusselt numbers are shown between
the third and the fourth blade and normalized Sherwood
numbers are shown between the third and the fifth blade.
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using Rem with m ¼ 1=2. The normalized Nusselt and
Sherwood numbers are adjusted using ðPr=ScÞn, where
Pr ¼ 0:707 and Sc ¼ 2:28. By varying ‘n’ from 1/3 to 1.0,
n ¼ 0:5ðF ¼ 0:557Þ provides a good agreement between the
results of two type experiments.

From Figs. 16–18 the heat transfer results (HT-Run11)
and mass transfer results (MT-Run15) with low turbulence
intensity ðTu ¼ 0:2%Þ are shown together at different
streamwise positions in a normalized form. Immediately
upstream of the leading edge ðx=Cl ¼ �0:02; y=Cl ¼ 0:60Þ
and immediately downstream of the trailing edge ðx=Cl ¼
0:72; y=Cl ¼ 0:12Þ, the mass transfer results are higher than
the heat transfer results with n ¼ 0:5 ðF ¼ 0:557Þ. At all
other locations, the comparison with n ¼ 0:5 ðF ¼ 0:557Þ
shows a good agreement between the heat and mass trans-
fer results. At x=Cl ¼ 0:56 and 0.64, heat transfer results
near the suction surface are not available due to the size
of the probe. Therefore, the analogy is not verified over
the regions which are covered by much of the passage
vortex.
From Figs. 19–21 results from a heat transfer experi-
ment (HT-Run13) and a mass transfer experiment (MT-
Run17) with high turbulence intensity ðTu ¼ 8:5%Þ are
shown together. The high turbulence intensity result shows
a good agreement with n ¼ 0:5ðF ¼ 0:557Þ, much like the
low turbulence study. The comparison shows a difference
near the stagnation point ðx=Cl ¼ �0:02; y=Cl ¼ 0:60Þ
and after the trailing edge ðx=Cl ¼ 0:72Þ. As in the low tur-
bulence case, the heat transfer results near the suction sur-
face are not available at x=Cl ¼ 0:56 and 0.64. At
x=Cl ¼ 0:72, the heat transfer results do not agree well with
the mass transfer results. This may be due to the vibration
and misalignment of the probe in the high turbulence flow.
Another possibility is the limitation of mass transfer mea-
surement. The comparison of heat transfer measurements
between low turbulence and high turbulence intensity
shows no difference after the trailing edge ðx=Cl ¼ 0:72Þ.
However, the comparison of mass transfer measurements
between low turbulence and high turbulence intensity does.
Therefore, there is a chance that mass transfer data with
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high turbulence intensity is not properly evaluated after the
trailing edge ðx=Cl ¼ 0:72Þ. Generally the high turbulence
intensity results are not significantly different from the
low turbulence intensity results. In the developed turbulent
boundary layer on the endwall, an analogy factor of
n ¼ 0:5ðF ¼ 0:557Þ (Figs. 16–21) shows a good agreement
with the turbulent cases in Goldstein and Cho [5].

Due to the conduction error of the probe in large
thermal gradient regions, the heat transfer measurement
does not measure the temperature accurately in the very
high heat transfer regions, near the stagnation point
ðx=Cl ¼ �0:02; y=Cl ¼ 0:60Þ and after the trailing edge
ðx=Cl ¼ 0:72; y=Cl ¼ 1:20Þ. Except for these locations, the
conduction error is negligible. This difference in the heat
and mass transfer experiments may result from the differ-
ence between the normalized Nusselt number and Sher-
wood number in high heat transfer regions, which are
along the leading and the trailing edges where the flow is
very complex. Another possibility is the misalignment of
the thermal probe. Even though the position is controlled
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by the motion controller and computer, the probe is bent
by the incoming flow in the wind tunnel, as explained ear-
lier. (The exit flow has a 2.72 times larger velocity than the
incoming flow.) As the probe moves downstream, larger
flow velocities can increase the misalignment.

5. Conclusions

A series of heat and mass transfer experiments have
been conducted to investigate the heat and mass transfer
analogy on the endwall in a simulated turbine cascade with
direct concern for the influence of Reynolds number and
high turbulence intensity. To show the validity of the heat
and mass transfer analogy on an endwall, heat and mass
transfer experiments have been conducted with boundary
conditions.

For simplicity in the comparison, the heat and mass
transfer data are expressed by Nu=ðRe1=2

x PrnÞ with Pr ¼
0:707 and Sh=ðRe1=2

x ScnÞ with Sc ¼ 2:28, respectively. For
the endwall experiment, ‘n = 0.5’ ðF ¼ 0:557Þ generally
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matches heat and mass transfer data with the heat/mass
transfer analogy regardless of turbulence intensity and
Reynolds number within the range studied. Unlike the case
on the blade in the companion paper, the flow does not
experience the development from laminar to turbulence
and ‘n’ does not change over the test section. The disagree-
ment in the comparisons between the heat and mass trans-
fer results occurs in high heat transfer regions perhaps due
to limitations of the heat transfer measurement technique.
The analogy is not verified in the regions where the passage
vortex approaches the blade, because of lack of data. In
addition, the effect of the increased turbulence intensity
does not change the heat/mass transfer comparison with
the tripped boundary layer.

Acknowledgements

The authors would like to acknowledge DOE for their
support. This research was performed with financial sup-
port (02-01-SR096) from University Turbine System Re-
search Program.
References
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