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Abstract

There are many difficulties in realizing Ultra-micro
gas turbine system. Among them, the effects of
tip clearance upon the micro turbine flowfield are
discussed in this paper. The flowfield was investi-
gated numerically with the Reynolds-averaged three-
dimensional thin-layer Navier-Stokes equations. Cal-
culations were conducted with clearance height from
0% to 10% of the passage height. Leakage mass flow
and deterioration of efficiency are proportional to the
clearance height for the clearance height larger than
4%. However, in the case of 2% clearance, leakage
flow is significantly reduced due to relative motion of
the casing and as a result deterioration of efficiency is
very small. It is difficult to control tip clearance in mi-
cro turbines, but the results of this study indicate that
if the clearance height is controlled within a few per-
cent of passage height, deterioration of stage perfor-
mace will be small.

Introduction

There has been many efforts to minimize gas turbine,
aiming application to portable electric power source).
A minimized gas turbine which we call “Ultra-micro
gas turbine” will be made with MEMS(Micro Electro
Mechanical Systems) technology at very low cost and
have higher power density than conventional batteries

However, there are still many difficulties to be over-
come before realizing such gas turbines, for example,
manufacturing process, material, bearing support and
combustion. For the compressor and the turbine, man-
ufacturing process based on MEMS technology con-
fines the blade shape in two dimensional geometry. In
addition, there are several acrodynamic concemns.

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

o 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.

o Heat Transfer
The temperature of each component of the gas tur-
bine becomes almost uniform due to very smail
Biot number. Temperature gradient near solid wall
becomes steep and the influence of heat transfer
upon the flowfield is not negligible.

The authors have studied the effects of Reynolds
number and heat transfer?. The objective of the cur-
rent study is to discuss the effects of tip clearance upon
the flowfield inside a micro radial inflow turbine.

There are many papers on tip clearance published
before, but most of them deal with axial turbines and
very litile is known about tip clearance flow in radial
turbines. The best-known investigation of clearance
effects on a radial turbine was undertaken by Futral
and Holeski®. They concluded that radial clearance
increases at the rotor exit have about 10 times larger
effect on the overall efficiency than the axial clearance
increases at the rotor inlet.

Dambach et al.*) investigated the details of tip clear-
ance flow in a radial turbine. Tip leakage flow is op-
posed by flow adjacent to the casing, which is mov-
ing from the suction side to the pressure side due to a
no-slip condition at the casing. It is called “scraping
flow”. They revealed that due to scraping flow, radial
clearance at the rotor exit is more important than axial
clearance at the rotor inlet.

Al the researches focused on turbines that have three
dimensional blades with conventional sizes, typically
centimeters or meters. In this report, the effects of tip
clearance height in a micro two dimensional radial tur-
bine are discussed based on the above results.

Target and Approach

The turbine studied in this report is a one-tenth scale
model of the radial inflow turbine designed and tested
by Kato et al.”, Table 1 shows the design characteris-
tics. In the numerical analysis, the stage performance
and the flowfield are compared for several clearance
heights. Table 2 shows the calculation cases. They are
referred to 0%cl, 2%cl, 4%cl, 6%cl and 10%¢] respec-
tively.
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Table | Design characteristics

rotational speed 2,400,000 rpm
pressure ratio 2.5
mass-flow rate 0.30 g/sec
speed ratio U/Cy = 0.83
intet total temperature 1223K
specific heat ratio 1.35
gas constant 287.4 Jkg/K
Nozzle
outer diameter 52mm
inner diameter 4.2 mm
number of blades 17
blade height 0.48 mm
Rotor
outer diameter 4.0mm
inner diameter 2.6 mm
nurmber of blades 15
blade height 0.48 mm

Table 2 Calculation cases

case | clearance height | % passage height
0%cl 0 mm 0%

2%l 0.01 mm 2.1%
4%l 0.02 mm 42 %
6%cl 0.03 mm 6.3%
10%cl 0.05 mm 104 %

U/ /Cp(the ratio of peripheral velocity U to theoreti-
cal isentropic expansion velacity Cp) is used as a pa-
rameter of operation condition, which is varied within
the range from 0.4 t0 0.8.

The stage performance will be discussed with adia-
batic efficiency 7,4 defined as follows,

n W

ad = 7 o (It
mCpTor{l ~ (£5)77 }

where suffix 0, 1, and 3 represent stagnation condition,

nozzle inlet, and rotor outlet respectively. W represents

the turbine work output, which is evaluated by integrat-
ing pressure and shear stress over the rotor blade.

)

Nunterical 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 upwind scheme (SHUS)®, which is
extended to higher order by the MUSCL interpolation
based on the primitive variables. The lower-upper
alternating directional implicit (LU-ADI) factorized
implicit algerithm” is employed for time integration.

Grid outline

Fig. i

Reynolds number is 10° to 10%. The flowfield is thus
considered to be laminar and no turbulence model is
applied.

Qutline of the computational grid used in the simula-
tion is illustrated in Fig.1. Though the figure illustrates
three pitches, the simulation area is one pitch of blade
to blade passage. The grid is 88 x 35 x 35 for the nozzle
and 83 x 35 x 35 for the rotor with H-H topology. The
minimum grid spacing near the wall is 1.0 x 10" "m,
so that y+ is less than unity. Grid for the tip clearance
region between the rotor and the casing is 51 x 3 x 19:
2%el, 51 % 34 x 21: 4%cl, 51 % 34 x 23: 6%cl and
51 x 34 x 25: 10%cl respectively, and the clearance
grid is embedded into the rotor grid. The dimension of
the grid is decided so that the minimum grid spacing
coincides with that of the rotor grid.

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 equihib-
rium. The blade surface and hub surface of the rotor
are rotating around the axis and no-slip adiabatic wall
condition is applied over all solid walls. Periodic con-
dition is applied for the pitchwise boundaries other than
the blade surfaces.

At the zonal interface between the nozzle and the
rotor, grid lines are overlapped by three points and
the mixing plane method is applied, in which physical
quantities are averaged in the pitchwise direction and
exchanged between two zones. Steady analysis is car-
ried out with this method. At the interface between the
main passage and the tip clearance, several grid points
are overlapped around the gap region (Fig.2). At the
boundary of the tip clearance zone physical quantities
are interpolated from the main passage and at the grid
points of the main passage which is contained nside
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Fig. 2 Zonal interface between the main passage and
the tip clearance

the tip clearance zone physical quantities are interpo-
lated from the tip clearance zone.

Results and Discussion

Overview of Leakage Flow

First, overview of leakage flow is presented.
U/Co = 0.6 of 6%cl is taken as a representative case.
Figure 3, 4 and 5 show relative velocity vectors and
vorticity contours at 13%, 32% and 57% chord respec-
tively. Velocity vectors at left top and right top of Fig.3
indicate that leakage flow already exists at 13% chord.
The leakage flow is also observed from the vorticity
contour.

At 32% chord, the velocity vectors induced by the
leakage flow reach the pressure side of the adjacent
blade. As a result, the area of high vorticity is formed
at the inlet and the outlet of the tip clearance, and near
the casing.

At 57% chord, the leakage flow begins to form leak-
age vortex and area of high vorticity spreads out to the
center of the passage. The stream in the upper region
of the passage grows larger.

Effect of tip clearance height

In this section, effect of tip clearance height is dis-
cussed. Figure 6 shows adiabatic efficiency plotted
against U/C, for each case. Deterioration of efficiency
caused by the tip clearance height is observed from the
figure. Larger tip clearance produces larger loss, but the
deterioration of 2%cl is much less than those of other
cases.

Flowfields at U/Cy = 0.6 (near the design point) for
each clearance height is discussed in detail hereafter.
Figure 7 shows leakage mass flow rate for each case,

Fig. 3 secondary flow at 13% chord (6%cl, U/Cp =
0.6)

Fig. 4 secondary flow at 32% chord (6%cl, U/Co =
0.6)

Fig. 5 secondary flow at 57% chord (6%cl, U/Cy =
0.6)
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Fig. 6 Adiabatic efficiency

which is calculated by integrating mass flow entering
into the main stream through the suction surface from
the leading edge to each position as the upper figure

shows.
z casing .
w@=[ [Tad @
LE. Jt

ip

where p, @ and ds are density, velocity vector and area
vector of local cell respectively. Positive 1 means the
fluid inside the clearance flows from the pressure side
to the suction side. This figure indicates that leakage
mass flow rate also correlates with tip clearance height,
but that at 2%cl is almost zero. These results reveal that
the deterioration of efficiency correspond to the leakage
mass flow rate,

Flowfield in the tip clearance region is discussed in
the following. Figure 8 shows velocity vectors at the
mid-gap section (94% span) for 10%cl. Figure 9 shows
surface pressure distribution of the blade at 94% span
for 0%cl. These figures show that leakage flow from
the pressure side to the suction side is induced by the
pressure differences at the whole chord position.

Figure 10 and 11 also show velocity vectors at the
mid-gap section (99% span) for 2%cl and surface pres-
sure distribution at 99% span for 0%cl. It is worth
while to notice that the velocity vector directs from the
suction side toward the pressure side near the leading
edge. The pressure at the suction surface is higher than
that at the pressure surface and the flow is driven by
this pressure difference. As pressure of the suction sur-
face drops, the flow is turned to the opposite direction.
This flowfield results in small leakage mass flow rate
for 2%cl.

Scraping flow

The pressure rise of the suction surface for 2%c! is
explained by scraping flow which is induced by relative
motion of the casing.

Two characteristic features of the turbine studied in
this article should be emphasized.

e Very low Reynolds number
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Fig. 7 Leakage mass flow

e Radial turbine

First, very low Reynolds number enhances viscosity ef-
fect. It means that the casing drags fluid at the tip re-
gion and it induces strong scraping flow. Second, the
circumferential velocity of a radial turbine varies with
the radius. Relative motion of the casing and strength
of the scraping flow also varies with the radius.

Dambach et al.¥) explained tip gap flow of a radial
turbine with “scraping ratio” defined by the following
equation.

Ap

R=-—2P
spU?% cos?y

)]

In this equation, Ap is the pressure difference be-
tween both sides of the blade, p is the density near the
casing and U cos is the casing relative velocity per-
pendicular to the blade surface. They concluded that
clearance jet induced by the effect of pressure differ-
ence is dominant at the tip region when the scraping ra-
tio is large, while scraping flow is dominant when the
scraping ratio is small.

Scraping ratio for U/Cy = 0.6 of 2%cl is shown
in Fig.12, where pressure difference at the midspan
is taken as Ap. The flowfield shown in Fig.10 is ex-
plained with this plot. Scraping flow near the leading
edge is strong since the casing moves faster at the re-
gion and thus the fluid inside the clearance flows from
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Fig. 8 Velocity distribution at 94% span (10%cl,
UjCy = 0.6)
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Fig. 9 Pressure distribution at 94% span (0%,

the pressure side to the suction side. Meanwhile, the
scraping ratio becomes much farger with the decrease
of the radius and the pressure difference becomes dorn-
inant at the rear half of the blade. Flow is tumed to the
opposite direction.

In 2%cl, great portion of the tip gap is contained
within the area affecied by the scraping flow. There-
fore, pressure difference and scraping flow determine
the flowfield of the tip clearance region. In the other
cases, great portion of the tip gap is out of the area af-
fected by the scraping flow and the flowfield of the tip
clearance region is dominated by pressure difference
ondy. This is the reason why 2%ctl has a specific feature
on efficiency and Jeakage mass flow rate.

These results indicate that small tip clearance com-
parable to 2% passage height hardly deteriorate the
stage performace because leakage flow is significantly
reduced by scraping flow.

Fig. 10 Velocity distribution at 99% span (2%cl,
UJCy = 0.6)
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Fig. 11 Pressute distribution at 99% span (0%cl,

U/Cg = 0'6)

Conclusions

Effects of tip clearance on the flowfield inside a
micro radial inflow turbine were numerically inves-
tigated. Calculations were conducted with clearance
height from 0% to 10% of the passage height. Leakage
mass flow_and deterioration of efficiency are propor-
tional to the clearance height for the clearance height
larger than 4%. However, in the case of 2% clearance,
leakage flow is significantly reduced due to relative mo-
tion of the casing and as a result deterioration of effi-
ciency i very small.

Scraping flow induced by the relative motion of the
casing acts as a blockage to the leakage flow. In micro
scale turbines, viscosity effect is strong due to very low
Reynolds number. Therefore scraping flow becomes
stronger than in conventional scale turbines. In ad-
dition, the circumferential velocity of a radial turbine
varies with the radius. Relative motion of the casing
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Fig. 12 Scraping ratio (2%cl, U/Cp = 0.6)

and strength of scraping flow also varies with the ra-
dius. It means scraping flow is strong near the lead-
ing edge. In the case of 2% clearance, great portion
of the tip gap is contained within the area affected by
the scraping flow and for this reason, leakage flow is
significantly reduced.

It is difficult to control tip clearance in micro tur-
bines, but these results indicate that if the clearance
height is controlled within a few percent of passage
height, deterioration of stage performace will be small.
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