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ABSTRACT

There are many difficulties in realizing Ultra-micro
gas-turbine system.  Among them, the effects of
Reynolds number and heat transfer upon the turbine
flowfield are discussed in this paper. The flowfield inside
the turbine stage composed of blades without twist was
investigated numerically with the Reynolds-averaged
three-dimensional thin-layer Navier-Stokes equations.
Decrease of Reynolds number makes boundary layer
thicker and deteriorates the stage efficiency. However,
no other remarkable changes were found on flowfield
with decreased Reynolds number. Heat transfer, on the
other hand, has two kinds of effect on the turbine stage.
First, it gives a change in the velocity at the nozzle out-
let and deviates the relative flow angle at the rotor inlet,
which influences the stage characteristics considerably.
Second, heat transfer at the wall has impact on the de-
velopment of the boundary layer on the blade surface. It
was found that the boundary layer more easily separates
over the cooled wall than the adiabatic wall.

INTRODUCTION

An unique 7shirt button sized gas turbine”
concept was presented by MIT researchers
(Epstein, et al., 1997). It was a project to mini-
mize gas turbine down to several centimeters, aiming
compact electric power source which has power density
far higher than conventional batteries. They planned
to manufacture gas turbines based on MEMS (Micro
Electro Mechanical Systems) technology. Due to
manufacturing restriction, blades have constant profile
in spanwise direction and only blade height is variable.
We call this structure “2.5 dimensional geometry”
hereafter.

After Epstein, there have been many efforts in this
field. However, there are still many difficulties to be
overcome before realizing such micro gas turbines, for
example, manufacturing process, material, bearing sup-
port and combustion. There are also several aerody-
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namic concerns.

e Tip Clearance
It is very difficult to control the tip clearance
in miniaturized gas turbines and, as the scale of
aerodynamic components becomes smaller, the tip
clearance becomes relatively larger.

e Decrease of Reynolds number
Relatively thicker boundary layer and laminariza-
tion due to the decrease of Reynolds number may
have a large impact on the flowfield inside gas tur-
bines.

e Heat Transfer
The temperature of each part of the gas turbine be-
comes almost uniform due to very small Biot num-
ber and the influence of heat transfer upon the flow-
field is not negligible with steep temperature gradi-
ent.

The objective of the current study is to discuss,

Fig.1: Grid outline



Table 1: Design characteristics

rotational speed 240,000 rpm
pressure ratio 2.5
mass-flow rate 30 g/sec
speed ratio U/Cy ~0.63
inlet total temperature 1223K
specific heat ratio 1.35

gas constant

287.4 J /kg/K

Nozzle

outer diameter 52 mm
inner diameter 42 mm
number of blades 17
blade height 4.8 mm
Reynolds number 3.21 x 104
Rotor

outer diameter 40 mm
inner diameter 26 mm
number of blades 15
blade height 4.8 mm
Reynolds number 2.42 x 104

amongst the above, the effects of Reynolds number and
heat transfer upon the flowfield inside 2.5 dimensional
turbine, hence to improve basic understandings about
the flowfield relating to the micro gas turbines.

TARGET AND APPROACH

The turbine studied in this report is a 2.5 dimen-
sional geometry turbine designed and tested by Kato
(Kato, et al., 2002). Table 1 shows the design charac-
teristics (Reynolds number is based on inlet density, pe-
ripheral velocity, and millimeter). It is approximately
ten times larger than Epstein’s “shirt button sized gas
turbine”, referred to “¢40 model” hereafter. “¢4 model”
was also studied, which has the same geometry but one
tenth scale of the “¢40 model”. Reynolds number effect
will be discussed by comparing the flowfields between
940 model and ¢4 model.

Adiabatic wall assumption is usually applied for the
numerical analysis of large scale gas turbines, in which
heat transfer at the wall has little influence on the struc-
ture of the flowfield due to the low heat conduction rate
between components. However, for small-scale system
like “shirt button gas turbine”, heat conduction rate be-
tween components is much larger and the temperature
of material becomes almost uniform. Therefore, heat
transfer effect can be discussed by applying the condi-
tion of isothermal wall, which is more realistic for the
small-scale analysis.

The calculation cases studied in this report are there-
fore divided as follows.

e 40 model adiabatic wall
e 940 model isothermal wall
e ¢4 model adiabatic wall

e ¢4 model isothermal wall

Several wall temperatures between 700K and 900K
were tested in preliminary study. That range is deter-
mined assuming realistic metal temperature. Among
them, only the results at 700K, which show the largest
temperature effect, will be discussed in this report.
U/Cy (the ratio of peripheral velocity U to theoretical
isentropic expansion velocity Cp) is used as a parameter
of operation condition, which is varied within the range
from 0.4 to 0.8.

The stage performance will be discussed with adia-
batic efficiency 7,4 and polytropic efficiency 7,,;. Adia-
batic efficiency 7,4 is defined as follows,
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where suffix 0, 1, and 3 represents stagnation condition,
nozzle inlet, and rotor outlet respectively. W represents
the turbine work output, which is calculated by inte-
grating pressure and shear stress over the rotor blade.

Assuming that polytropic efficiency is constant
throughout the rotor passage, the following relation is
derived under adiabatic wall condition,
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where suffix 2 represents the rotor inlet. Equation (2)
does not take into account heat transfer, while it is
extended to include heat transfer effect(Ribaud, 2003).
Here, )\ is defined as the ratio between heat transfer @
and turbine work output W. Assuming that A is con-

stant from inlet to outlet, the following equations are
derived.
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Note that 7, is defined using stagnation properties
of both inlet and outlet. Therefore, 7, is regarded as a
measure of soundness of the flowfield. However, this def-
inition of polytropic efficiency is based on the assump-
tion that % is constant throughout the flowfield. As
discussed later, the polytropic efficiency defined from

Eq.(4) tends to give higher efficiency for cooled wall.

NUMERICAL METHOD

The governing equations employed here are the
Reynolds-averaged three-dimensional thin-layer Navier-
Stokes equations. Numerical fluxes for the convective
terms are evaluated by the simple high-resolution up-
wind scheme (SHUS)(Shima, et al., 1997), which is ex-
tended to higher order by the MUSCL interpolation
based on the primitive variables. The lower-upper alter-
nating directional implicit (LU-ADI) factorized implicit
algorithm(Obayashi, et al., 1986) is employed for time
integration.
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Fig.2: Adiabatic efficiency of ¢40 model with adiabatic
wall

Reynolds number is 10* to 10° for ¢40 model.
The flowfield is thus considered to be fully tur-
bulent, and Baldwin-Lomax’s algebraic turbulence
model(Baldwin and Lomax, 1978) is applied near the
solid wall for ¢$40 model. For ¢4 model, on the other
hand, Reynolds number is 10® to 10*. The flowfield is
considered to be laminar and no turbulence model is
applied.

Outline of the computational grid used in the sim-
ulation is illustrated in Figure 1. Though the figure
illustrates three pitches, the simulation area is one pitch
of blade-blade flow path. The grid is (88 x 35 x 35:¢4,
88x51x51:¢40) in the nozzle region and (83 x35x 35:¢4,
88 x 51 x 51:¢40) in the rotor region with H-H topology.
The minimum grid spacing near the wall is 1.0 x 10~ "m
for ¢4 model and 2.0 x 10~"m for $40 model, so that
y* is less than unity. Tip clearance between rotor and
casing is not considered.

At the nozzle inlet boundary, total pressure and total
temperature are fixed, and flow angle is given as radial
inflow. At the exducer outlet boundary, static pressure
distribution is given by assuming simple radial equilib-
rium. The blade surface and hub surface of the rotor
are rotating around the axis and non-slip wall condi-
tion is applied over all solid walls. Thermal condition
of the wall is, as stated previously, either adiabatic or
isothermal. Periodic condition is applied for the pitch-
wise boundaries other than the blade surfaces. At the
zonal interface between the nozzle and rotor, grid lines
are overlapped by three points and the mixing plane
method is applied, in which physical quantities are av-
eraged in the pitch direction and exchanged between the
zones. Steady analysis is carried out with this method.

RESULTS

Overview

Before going into the discussion about the effect of
Reynolds number and wall temperature, overview of
the flowfield inside 2.5 dimensional turbine will be ex-
plained. ¢40 model with adiabatic wall is taken as a
representative case.

Figure 2 shows adiabatic efficiency. The peak effi-

Fig.3: Mach number contours at the nozzle midspan
(U/Cy =0.6)

Fig.4: Mach number contours at the exducer midpitch
(U/Cy =0.6)

ciency is achieved between 0.6 and 0.7, and the efficiency
drops at the higher and lower velocity ratio.

The details of the flowfield and the sources of loss will
be discussed in the following sections.

Nozzle loss Figure 3 shows absolute Mach number
at the nozzle midspan. The flow accelerates continu-
ously, and any separation of the boundary layer is not
observed. Main source of loss at the nozzle is the wake
formed downstream of the thick trailing edge.

Exducer loss Exducer loss is an inherent problem of
2.5 dimensional turbine. Figure 4 shows absolute Mach
number at the exducer midpitch. The flow is directed
radially inward at the rotor outlet and it is turned to
axial direction at the exducer. The curvature radius
near the casing is so small that the flow cannot turn
completely and separates at this region. Large part of
loss at the exducer is caused by this separation.



(b): U/Cy = 0.6

(c): U/Co =0.8

Fig.5: Relative Mach number contours at the rotor midspan
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Fig.6: Adiabatic efficiency of ¢40 and ¢4 models
(Reynolds number effect)

Rotor loss Figure 5 shows relative Mach number con-
tours at the rotor midspan for three different U/Cj. Rel-
ative velocity vectors at the inlet boundary are also il-
lustrated in the figures. The vectors indicate that the
inlet flow angle is positive at the lower velocity ratio
(Fig.5(a)), while it is negative at the higher velocity ra-
tio (Fig.5(c)). Separation region is observed near the
leading edge of the suction surface at low velocity ratio,
and on the pressure surface at high velocity ratio. An-
other separation region also exists near the trailing edge
of the suction surface at all velocity ratios.

The extent of the separation regions are consistent
with the efficiency curve shown in Figure 2. The effi-
ciency depends mainly on the rotor loss caused by the
flow separation.

Effect of Reynolds Number

The effect of Reynolds number upon the flowfield is
discussed by comparing ¢4 model and ¢40 model with
adiabatic wall. As mentioned before, Reynolds num-
ber is 10* to 10° for ¢40 model and 10% to 10* for ¢4
model. Figure 6 compares adiabatic efficiency between
two models. The efficiency of ¢4 model is lower than
that of $40 model at all conditions.

Figure 7 shows Mach number contours at the midspan
(absolute Mach number and relative Mach number are
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Fig.8: Adiabatic efficiency of ¢40 model (Wall temper-
ature effect)
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Fig.9: Adiabatic efficiency of ¢4 model (Wall tempera-
ture effect)

plotted for the nozzle and the rotor, respectively). The
boundary layer and the wake is relatively thicker at ¢4
model than ¢40 model as the result of lower Reynolds
number. However, no remarkable difference other than
the boundary layer thickness is observed in the flowfield.
Primary cause of the difference in efficiency between two
cases is therefore due to the boundary layer thickness.

Effect of Wall Temperature




(a): ¢40 model

(b): ¢4 model

Fig.7: Mach number contours at the midspan section (Reynolds number effect)

Table 2: Work output and heat transfer (U/Cjy = 0.6)

¢ =40 ¢ =40 o =4 o=4
adiabatic | isothermal | adiabatic | isothermal
Work(W) 6625 6407 61.87 58.60
Heat transfer in Nozzle (W) 0 1847 0 36.53
Heat transfer in Rotor (W) 0 707 0 12.50
Total Heat transfer (W) 0 2554 0 49.03
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Fig.10: Polytropic efficiency of ¢40 model (Wall tem-
perature effect)

Work output and heat transfer at U/Cy = 0.6 are
listed in Table 2. Work output at the isothermal wall
is always smaller than the adiabatic counterpart due to
the energy loss at the wall. Comparing ¢4 and ¢40 at
isothermal wall, the ratio of the heat transfer to the work

output for ¢4 model is about twice as much as that for
@40 model.

Fig.11: Polytropic efficiency of ¢4 model (Wall temper-
ature effect)

Influence on the efficiency In Figures 8 and 9, adi-
abatic efficiency evaluated at two wall conditions are
compared for each model. The adiabatic efficiency is di-
rectly influenced by the decrease of temperature due to
heat transfer at the wall. Therefore, as expected from
the heat-transfer to work-output ratio in Table 2, the
efficiency with isothermal wall is lower than that with
adiabatic wall for all cases and the deterioration of effi-
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Fig.12: Rotor relative inlet flow angle of ¢4 model

ciency is larger for ¢4 model than ¢40 model.

The effect of the heat transfer upon the flowfield may
be discussed more clearly with the polytropic efficiency.

Figures 10 and 11 show polytropic efficiency of ¢40
and ¢4 models. Two curves in Figure 10 show simi-
lar characteristic, indicating that the efficiency with the
isothermal wall is higher than that with the adiabatic
wall. However, detailed observation of the flowfields
yielded no evidence to reasonably explain this difference
in efficiency. For this reason, it seems that the poly-
tropic efficiency defined by Eq.(4) tends to give higher
efficiency for cooled wall (700K against the exhaust gas
temperature 900K).

Figure 11, on the other hand, looks very different from
Figure 10. The curve with isothermal wall shifts to the
left from that with adiabatic wall. The shift is explained
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Fig.13: Mechanism of the inlet flow angle deviation
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Fig.14: Polytropic efficiency of ¢4 model (Wall temper-
ature effect)

partly by the deviation of inlet flow angle.

Figure 12 shows the rotor relative inlet flow angle at
each operation point. It indicates that the angle with
isothermal wall deviates from the angle with adiabatic
wall, especially, near U/Cy = 0.65.

The deviation of relative inlet flow angle is caused by
the decrease of flow velocity at the nozzle exit. Heat
transfer at the walls lowers the total temperature and
raises density, resulting in the lower flow velocity. It
is shown from Figure 13 that deviation caused by the
decrease of flow velocity depends on peripheral velocity
U. There is a peak deviation near U/Cy = 0.65 in this
case.

This deviation of relative inlet flow angle should be
considered at the design phase. Since the deviation is
the largest near the design point in many cases, it is nec-
essary to estimate heat loss in the nozzle and deviation
of the rotor relative inlet flow angle.

Influence on the separation Figure 14 shows poly-
tropic efficiency at ¢4 model replotted against the rotor
relative inlet flow angle. Two curves look more closer
this time but there is still discrepancy at higher U/Cjy
(negative relative inlet flow angle). The efficiency with
the isothermal wall is lower than that with the adia-
batic wall. This tendency cannot be explained by the
deviation of relative inlet flow angle alone.

Flowfields at U/Cy = 0.7 were investigated to fig-
ure out this phenomenon. Figure 15 shows Mach num-
ber contours at the rotor midspan, and Figure 16 shows
streamlines around the rotor blade. These figures reveal
that a separation region exists near the leading edge of
the pressure side only with isothermal wall. It can be
seen that the separation region near the trailing edge of
the suction side with isothermal wall is larger than with
adiabatic wall. The separation at the pressure side can
be explained partly by the difference in the inlet flow
angle, but the separation at suction side conflicts with
the deviaiton of the inlet flow angle.

From these results above, it seems that separation is
more likely to occur at the lower wall temperature. The
operation range expected with isothermal wall may be,



(a): adiabatic (b): isothermal

Fig.15: Mach number contours at the rotor midspan for U/Cy = 0.7 (Wall temperature effect)

(a): adiabatic (b): isothermal

Fig.16: Streamlines around the rotor blade at the rotor midspan for U/Cy = 0.7 (Wall temperature effect)
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Fig.17: Velocity distribution inside the boundary layer near the leading edge of the rotor pressure side

for this reason, narrower than that with adiabatic wall.

Figure 17 compares the development of velocity distri-
bution inside the boundary layer near the leading edge
of the pressure side. With adiabatic wall, the boundary
layer develops gradually from the leading edge. With
isothermal wall, on the other hand, the velocity near
the wall decrease rapidly as the boundary layer develops
and then separation occurs. This result also indicates
that heat transfer can have large impact upon the de-
velopment of the boundary layer and therefore upon the
flow separation.

CONCLUSIONS

Flowfield inside a micro turbine was numerically simu-
lated. The influence of Reynolds number and heat trans-
fer was discussed. As the Reynolds number decreases,
the boundary layer becomes thicker and the efficiency
drops, but no other remarkable change is found on the
flowfield. It implies that miniaturization to this extent
does not alter the characteristics of the flowfield dramat-
ically. Heat transfer decreases the velocity at the nozzle
outlet, so that the rotor relative inlet flow angle is var-
ied. This deviation shifts the stage performance of the
turbine. Development of boundary layer and separation
is also influenced by the thermal boundary condition at
the wall. The boundary layer on cooled wall is deceler-
ated rapidly. It becomes more sensitive to the adverse
pressure gradient and easily separates. These results
indicate that performance estimation based on the con-
ventional adiabatic wall condition is not adequate for
shirt-button sized gas turbines and it is important to
take into account the effect of heat transfer.
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