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Abstract; An air-cooled probe was designed for measurement of total pressure at combustor outlet; its

cooling scheme combined the film cooling and convection cooling. With the aid of CFD technique, cooling ef-

fectiveness of the coolant jets at various blow ratios was compared; suitable blow ratios and configuration of

film holes were chosen accordingly. The overall cooling performance of the probe was evaluated via CFD tech-

nique, the design was improved according to the simulation result, and the cooling effect of the leading edge

was obviously strengthened by increasing the local coolant massflow rate. The results of wind tunnel test indi-

cated that, between Mach numbers 0. 2 and 0. 4, the probe achieved a high accuracy at various attack angles.

The probe was utilized in an annular combustor rig test, the highest temperature reached 1 760 K and total

pressure reaches 1036kPa. The result of rig test demonstrates that the coolant film distribution consistent ap-

propriately with the CFD results.
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Annular combustor rig test aims to evaluate
the combustion stability,.combustion efficiency,
cooling effect, temperature profile of outlet and
pressure loss etc. of the combustor. The pres-
sure recovery factor acquired in annular combus-
tor test is a key parameter of combustor per-
formance, which can be used to predict the effi-
ciency of the engine and the performance of cool-
ing system. Currently, the most direct and ef-
fective approach to measure the combustor outlet
pressure profile is the utilization of immersion
probe. However, the pressure and temperature
of the gas of combustor outlet are both extreme-
ly high reaching 3. 5 MPa and 1800K respective-
ly; the highest temperature can go beyond 2000
K, which far exceeds the melting temperature of
nickel-based alloys. For this extreme circum-
stance, two schemes are considered in the design

of immersion probe of combustor outlet:
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1) To apply high temperature resistance
materials.

2) To implement cooling configuration onto
the probe.

According to the state of the art, the mate-
rial can be used in this extreme circumstance is
the ceramic material. In Ref. [1]. Yang Can et
al. designed a small size thermocouple probe em-
ploying ceramic material as structural compo-
calibration reaches

nents; its temperature

1960. 6 K, whereas it is only used as a reference
in calibration, not in a real combustor test’?,
Liu Liping et al. ® utilized ceramic material in a
water-cooled probe as a shielding casing of the
thermocouple which works as a non-structural
component. In summary, because of its poor
thermal fatigue property, the ceramic material
cannot be widely used as structural components.

Another design scheme is cooling configura-
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tion. Its mechanism is that by introducing cool-
ant, mainly water and air, the support of the
immersion probe is cooled down below its melt-
ing point in hot gas. Plana et al. designed a wa-
ter cooled sample probe for gas analysis; in the
design, the cooling water is discharged out of
the test rig after a circulation in the probe, in
this process heat transfer is accomplished. To a-
void excessive load to the probe, the pressure of
the water varies following the pressure variation
of the flow in combustor chamber simultaneous-

) Wang Mingrui et al. designed a water

ly
cooled probe which discharges water into the
flow field of combustor outlet directly after it
has cooled down the probe®. The merit of wa-
ter cooled configuration is the excellent cooling
effect; however, there is significant drawback
that to avoid extremely local high stress inside
the probe at low pressure conditions, the pres-
sure of cooling water should be adjusted simulta-
neously with the pressure of gas flow in combus-
tor chamber, this increases the complexity of
cooling system significantly. In addition. in sub-
sonic flow, disturbances in the flow field will in-
fluence the upstream flow filed in certain ex-
tent'™, thus water discharged into the flow field
might deteriorate the performance of combustor.
Yang Can et al. designed a film cooled thermo-
couple probe employing air as coolant™™. Al-
though the thermal conductivity of air is much
lower, air cooled probe’s cooling performance
can be improved by introducing advanced cooling
technique; it also has the advantage like sharing
the same high pressure air source with the com-
bustor, so that the pressure of coolant can vary
simultaneously with the gas flow in combustor
chamber.

The principle of film cooling is by introdu-
cing secondary flow onto the surfaces exposed in
the hot gas from discrete holes to protect the lo-
cal and downstream regions'™. The dimensions
of the film hole are one of the key factors influ-
encing the cooling effectiveness of film cool-

[8]

ing Haven et al. used PIV technique to in-

vestigate the main reason causing cooling film

detachment; it is found that the kidney-shaped
vortices caused by the boundary layer of the
holes lifts the film off the surface in many cases.
Thus, a good design can delay the formation of
kidney-shaped vortices to make film attach to the
surface properly™. In the past 4 decades, re-
searchers have done a lot of work to study how
the cooling performance is influenced by the di-
mensions of film holes'™™. Han et al. studied
the cooling effectiveness of various shapes of
film hole in experiments; the results indicate
that when blow ratio varies between 0.6 and
1. 2, the diffuser shaped (fan shaped) holes has

better cooling effectiveness than cylindrical

[ Hyams et

holess even in unsteady conditions
al. compared five distinct configurations of film

hole via CFED

showed that, at chosen blow ratios, the laterally

technique, the investigation
diffused film holes have the best coverage and
cooling effectiveness'’®. Chen et al. compared
the performances of backward and forward injec-
tions in experiments. It is found that due to the
lateral spread and mixing effects, when blow ra-
tio is 2. 0, the performance of backward injection
is better, however its drawbacks are obvious
that it disturbs the upstream flow leading to sig-
nificant pressure loss and increases local convec-
tion heat transfer coefficient remarkably™*.
Another factor influences film cooling effect
significantly is density of coolant. Liu et al. in-
vestigated how the coolant density influences the
cooling effect of high pressure turbine guide vane
via PSP technique. The result shows when the
density ratio of coolant to hot gas increases, the
cooling effectiveness on the suction side of the
blade increases proportionally; especially when
density ratio increases from 1.0 to 1.5, the ef-

fectiveness increases substantially™*.

Diganta et
al. studied the film cooling effectiveness of a
turbine rotor blade; it is found that when cool-
ant density increases, the cooling effectiveness
of pressure side increases proportionally; while
on the suction side between 45% and 75% chord
length, the cooling effectiveness increase dra-

matically™®.
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In the present paper, a film cooled probe
employing air as coolant is designed and applied

for an annular combustor rig test.
1 Demands of the design

1.1 Main parameters of the combustor testing

The demand to the probe are from a testing
project of an annular combustor of a turbofan
engine, the parameters of the most severe exper-

iment condition are shown in Table 1.

Table 1 The parameters of the highest testing point of

an annular combustor

Parameters Value

Inlet pressure/kPa 1500

Inlet temperature/K 863
Inlet mass flow rate/(kg/s) 32.55
Average outlet temperature/K 1800

1.2 Aims of the design

The aims of the design can be summarized as:

1) When the flow attack angle varies be-
tween —5°and +5°, the accuracy of measure-
ment should be at least 0. 3%.

2) In 1800K gas, the outer surface temper-
ature of the probe should be below 1223 K (the
endurable temperature of nickel-based alloys).

3) Seven sensing heads should be placed ra-
dially along the leading edge of the probe to
sense the stagnation pressure.

4) The blockagerate caused by four probes
all together should be less than 3% of the area of
the flow path.

1.3 Working principle of the probe

The working principle of the probes is
shown in Fig. 1. The probe (Fig. 2) is fixed on a
traverse gear at outlet of the combustor. When
the combustor is being tested, the probe rotates
with the traverse gear to scan the flow field of
the combustor outlet. The cooling air is trans-
mitted into the probe from the internal ventila-
tion chamber of the traverse gear, and then dis-
charged out of the discrete film holes and form-

ing a thin layer of protection film on the outer

surface of the probe. The traverse gear and the
casing of the flow path are both cooled by water.
Stagnation pressure is measured via the sensing
heads on the leading edge of the probe and then

transmitted to the data acquisition system.

— Cooling water
Traverse = Cooling air
gear = Hot gas
0 - Pressure signal

Fig.1 The working principle of the probe

Fig. 2 The air-cooled total pressure probe

2 Sensing head design

There are mainly three kinds of sensing-
heads for total pressure measurement™™, which
are demonstrated in Fig. 3. The features of these
sensing heads are listed below:

1) The L-shaped sensing head reduces the
inference from the support significantly, can a-
chieve a quit high accuracy to a wide range of at-
tack angles; its insensitivity to attack angle vari-

ation achieves approximately £15°,

,-\!\,

T
o D P

(a) L-shaped (b) Shielded
sensing head sensing head

| N

(c) Ball socket
orifice

Fig. 3 Configuration of three main sensing heads
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2) The shielded sensing head adds a cylin-
drical shield around the I.-shaped head, to adjust
the inlet flow to increase the insensitivity of
probe,its maximum insensitivity achieves about
+45°,

3) The ball socket orifice sensing head is lo-
cated on the leading edge of the support, be-
cause there is nothing extends out of the sup-
port, the size of the probe could be compact and
the mechanical integrity of the probe is the best
of all, its insensitivity is approximately £15°.

The L-shaped and the shielded sensing head
have higher accuracy and wider insensitivity
range,they are often used in the situations that
the flow attack angles vary markedly. In consid-
eration of the severe condition mentioned above,
the components extending out of the support are
quite difficult to be cooled. In addition, the flow
attack angle does not vary significantly at the
outlet of combustor. Therefore, the ball socket
orifice is chosen due to its good mechanical in-

tegrity and cooling performance.
3 Design of film hole

3.1 Methodology and main design parameters

There are two main parameters should be
considered in the design of the film holes: the
configuration of film holes and the properties of
coolant. The procedure of design is shown in
Fig. 4. The dimension of a single film hole is de-
termined in the first place; then the film cooling
effectiveness is evaluated via CFD technique; at
last, the distance between film holes is deter-

mined according to CFD simulation results.

Fixing dimension Investigating the
of a single film cooling effect of a
hole single hole

Determining the
distribution of
the holes

Fig. 4 Design procedure of film holes

The effectiveness of film cooling can be ex-
pressed as:

_T,—T.,
A —

Where, #, represents film cooling effective-

@)

g c

ness; T, and T. represent temperature of gas and
cooling air respectively; T,, is adiabatic wall
temperature which equals to the recovery tem-
perature of hot gas in vicinity of the surface.

To insure the probe works in the hot gas re-
liably, the wall temperature should be less than
the allowable working temperature of the mate-
rial ( normally 1223K for nickel-based al-
loys)!7). Therefore, the value of T,, is 1223K,
substituting T, and other known parameters in-
to Eq. (1), the film cooling effectiveness can be
calculated as:

7= 0.4

It has been proved by experiments that film
cooling effectiveness is determined by two non-
dimensional parameters!*®!, see Eq. (2). Based
on different conditions, researchers acquired va-
rious expressions of film cooling effectiveness;
however, there is not a general equation could
handle all the situations. Therefore, in this de-
sign, according to the working condition of the
annular combustor, CFD technique is introduced
to evaluate the cooling effectiveness.

7= f(M,XD (2)

In Eq. (2) M represents blow ratio of cold
to hot gas, it is expressed in Eq. (3).

M=% (3)
= Vg

Where, p. and p, are densities of cold and
hot gas, respectively; w. and v, are velocities of
cold and hot gas, respectively.

In Eq. (2) X represents the non-dimensional
distance downstream the film hole, its expres-

sion is in Eq. (4)

Where x represents the distance down-
stream the film hole, d represents the diameter
of film hole.

Limited by the testing rig, the main param-
eters of the cooling air have already been re-
stricted at the maximum test point; the range of
pressure of the cooling air is from 1.42 MPa to
1.5 MPa and its temperature is about 310 K.

Since the parameters of the hot gas at combustor
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outlet has been known, consequently the range
of blow ratio is determined as:
0.5 M=<2.0

3.2 CFD simulation

Although it has been mentioned in Refs.
[11] and [12] that the fan-shaped film holes
have better cooling performance, cylindrical film
holes also have acceptable cooling performance
and are easier to manufacture, so the cylindrical
film holes with diameter of 0. 5mm are chosen in
the design. Theoretically, the smaller the angle
between film holes and probe surface, the better
coverage performance can be acquired, unfortu-
nately the angle is restricted by practical manu-
facture capability, so 30° is chosen in the de-
sign. To sum up, the dimension of a single film
hole is shown in Fig. 5 where 1.5 mm is the

thickness of the probe wall.

AN

Fig. 5

1.5 mm

Dimension of a single film hole

To evaluate the cooling performance of a
single film hole at various blowratios and choose
an appropriate distance between film holes, the
cooling effectiveness of a single film hole should
be evaluated firstly via CFD. The simulation
was operated in the commercial code CFX. The
model utilized in the simulation is shown in
Fig. 6, the number of the grid is about 230000,
the turbulence equation is k-¢, high resolution
scheme is chosen. The boundary conditions of
hot gas are chosen from Table 1. The tempera-
ture of coolant is 310K and pressure varies from
1. 42 MPa to 1.5 MPa, which are limited by the
testing rig.

Figure 7 demonstrates the cooling effective-
ness contours of a single film hole at different

blow ratios. It can be seen that when M =0.5

0 0005 0010

XM — —

0.0025 0.0075

Outlet

Inlet of hot gas

Symmetry face

Inlet of coolant

Fig. 6 The physical model used in CFD simulation

and M=1. 0, the coolant covers the downstream
surface appropriately; while when M=1.5 and
M=2.0, the area covered by the coolant is much
smaller. The reason of this phenomenon is that
when blow ratio increases, the momentum of the
coolant jet increases accordingly, so the kidney-
shaped vortices caused by the boundary layer of
film hole are enhanced significantly, which lifts
the coolant film off the surface. In Fig. 7(b),
Fig. 7(c) and Fig. 7(d) , the two branches appear
at the rear of the jet proves the existence of the
kidney-shaped vortices, due to the hot gas in-
volved into the coolant jet by counter rotation of
the kidney-shaped vortices, the cooling effec-
tiveness along the central line is lower than the

edges of the jet.

(a) M=0.5

(b) M=1.0

-

() M=1.5
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(d) M=2.0

Fig. 7 Cooling effectiveness contour of a single film hole

Figure 8 shows the contours of cooling ef-
fectiveness of jets at various blow ratios. It can
be seen that when M=0.5 and M=1.0, the jet
attaches to the surface appropriately; while
when M=1.5 and M=2. 0, the jet detaches the
surface after a certain distance, this verifies the
trends shown in Fig. 7(c) and Fig. 7(d). Com-
pare Fig. 8(a) and Fig. 8(b), when M=0.5, due
to smaller momentum of the jet, it attaches to
the surface tightly when just leaving the hole.
However, when the jet goes downstream, be-
cause of the effect of dilution and mixing, its
cooling effectiveness decreases obyiously. When
M=1.0, although a trend of detachment can be
seen when the jet just leaves the hole, because of
larger mass flow rate of the coolant, its capabili-
ty to resist dilution and mixing effect is
strengthened, therefore its cooling effectiveness
does not see steep drop when the jet flows down-
stream.

Figure 9 illustrates the curves. of film cool-

ing effectiveness of a single film hole at various

Jet cooling effectiveness
H 1.0000

0.8000

0.19 0 0.004  0.008
o | J— —

—0.00002863 0.002  0.006
(a) M=0.5

Jet cooling effectiveness
1.0000

10.8000

—

ii® "

IU. 19 0.004  0.008
7 1| — —
=0.00002769 0.002  0.006
(b) M=1.0

Jet cooling effectiveness
H 1.0000
0.8000

0.19 0 0.004  0.008
/M — —

—0.00002689 0.002  0.006
(¢) M=1.5

Jet cooling effectiveness
H 1.0000

0.09 e 0 0.004  0.008
) X — —
I—U.OUU 1707 0.002  0.006

(d) M=2.0

Fig. 8 Cooling effectiveness contour of the coolant jet

12 —
— M=0.5
Lok + —— M=1.0
— M=15
0.8 k h 3 | M=2.0.
= 0.6\ 'Z;__;x ]
04} W = — I
| AN ]
| —— —|— ; :
1 1 L L
0 5 10 15 20 25 30 35 40

x/d
Fig. 9 CFD results of cooling effectiveness downstream

the film cooling hole

blow ratios. When blow ratio is between 0. 5 and
2.0, it can be seen that in the process of coolant
jet flowing downstream, the cooling effective-
ness of the jet reduces due to the effect of dilu-
tion and mixing. When the jet just leaves the
hole, the film cooling effectiveness sees a steep
drop. Whereas, when x/d keeps increasing, the
falling of cooling effectiveness becomes much
smoother. Notably, when x/d is higher than
18, the cooling effectiveness of M = 1.0 over-
takes M=0.5, this phenomenon verifies the a-
nalysis above that higher blow ratio indicates
higher capability to resist dilution and mixing.
In brief, when blow ratio is between 0.5
and 1. 0, the film cooling effectiveness achieves-
relatively satisfying results. Thus, to guarantee

the blow ratio to be limited in this range, the
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pressure of coolant should be maintained be-
tween 1. 42 MPa and 1. 435 MPa.

To minimize the burden of cooling system
and increase the robust performance of the
probe, according to Fig. 9, the value of x/d is
chosen to be 12, to guarantee when blow ratio
varies between 0.5 and 1.0, the value of film

cooling effectiveness is above 0. 4.

4 Investigation and improvement of
overall cooling performance

To measure the total pressure of the hot gas
precisely, the film holes are not allowed to be
placed on the leading edge of the probe to avoid
disturbance to the main flow. Thus, there is on-
ly one option left for leading edge cooling, the
internal convection cooling. Whereas due to di-
rect impingement of hot gas, generally the tem-
perature of the leading edge is the highest of the
probe. In addition, because the flow field of
coolant inside the probe is not uniform, the cool-
ing effect of the probe is not uniform, too.
Hence, the overall cooling effect of the probe
must be evaluated to predict the local cooling
performance on the probe. According to the o-
verall cooling performance of the probe, im-
provements can be implemented accordingly.

CFD technique is introduced to analyze heat
transfer and aerodynamic performance of the
probe, to simplify the simulation process some
assumptions are introduced in the first place:

1) The heat conduction between probe and
water cooled casing of flow path is ignored.

2) The radiation heat transfer between
probe and water cooled casing of flow path is ig-
nored.

3) The average blow ratio is 1. 0, which is
the worst condition of the design.

4) The temperature profile of the combustor

outlet is uniform.
4.1 The original design

To simplify the simulation, according to

Eq. (5), the discrete film holes can be converted

to equivalent slots"®,

_ wd?
S. = o (5)

Where S, represents equivalent width of the
slot, d represents diameter of the film hole, ¢
represents equivalent length of the slot.

The simplified 3-D model of the probe and
the fluid domain are shown in Fig. 10. The sim-
ulation is also carried out in CFX code, the num-
ber of grid is approximately 1. 2 million, the tur-
bulence equation is k¢, high resolution scheme
is chosen. The input parameters of combustor
outlet are chosen from Table 1 and the parame-
ters of the coolant are pressure 1.435 MPa and
temperature 310K which imply the worst cooling

effectiveness of the design.

Outlet
Inlet of coolant ___—7—__/
Equivalent slots ==

The probe Symmetry face

im e 0950, 0.100

0.025 0.075

Fig. 10  3-D model of the simplified probe and fluid domain

The temperature contour is shown in Fig. 11.
It can be seen that due to the mutual effect of
film cooling and internal convection cooling the
probe is properly cooled, the average tempera-
ture of the probe is 617. 7K and the highest tem-
perature 1088 K appears on the leading edge be-
cause of the absence of film cooling and the di-
rect impingement of hot gas.

Temperature surface
of probe/K

1088.0
1945.7
1803.1
16605

518.0
I375.4

0 0.025  0.050
XM — —

0.0125 0.0375

Fig. 11 Temperature contour of the original design
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The internal coolant streamlines are shown
in Fig. 12, a large low-speed back-flow region
can be seen at trailing edge of the probe, accord-
ing to heat transfer theory the local convection

[l Howev-

heat transfer rate will be quite low
er, with the protection of upstream film, the lo-
cal temperature remains in an acceptable range
(see the temperature contour of trailing edge in
Fig. 11). Notably, at the two corners of internal
leading edge, there are two low-speed regions
which make the local convection heat transfer
rate reduces significantly; furthermore, the ab-
sence of film cooling makes the situation more
severe, therefore the highest temperature of the
probe appears here (see the temperature contour

of leading edge in Fig. 11).

Velocity intemal streamline/(m/s)

I58.14 . ) ‘
43,69 /] ===
§2924 . — NN |
0| | A
L\ e\
B it N |

I

—=o o GO )
0 002 004 yo-h

Leading edge y/m

001 003 T'railing edge

Fig. 12 Streamlines of internal probe

4.2 The improved design

To enhance internal convectionheat transfer
of the leading edge, in the improved design the
areas of the film holes next to the leading edge
are increased with other dimensions remaining
the same. The purpose of the improvement is in-
creasing the coolant mass flow rate of leading
edge to enhance local convection heat transfer
while the coolant mass flow rate of the other
parts remains the same. The comparison of the
dimension of the equivalent slots next to the
leading edge of original design and improved de-
sign is shown in Fig. 13. The width of the equiv-
alent slot next to the leading edge of the im-
proved design is 1.25 times of the original
design.

The same model and boundary conditions

— Leading edge
e o WUg
T

__—Leading edge

/ ' N\ Y

(a) The equivalent slots
of original design

(b) The equivalent slots of
improved design

Fig. 13 Comparison of the equivalent slots next to
the leading edge between original and

improved design

settings with the original design are set in the
simulation. The simulation results show that the
coolant mass flow rate of the probe is increased
from 60g/s in the original design to 65g/s in the
improved design. The outer surface temperature
contour of the improved probe is demonstrated
in Fig. 14. It can be seen that although the trend
of temperature distribution does not vary sub-
stantially, the highest temperature of improved
design reduces 29 K from 1088 K in the original
design to1059 K. Due to the increase of coolant
mass flow rate, the area of low temperature re-
gions of front part extends significantly; the av-
erage temperature of the improved design re-
duces from 617.7 K in the original design to
603. 4 K.

Temperature surface
of probe/K
B 1059.0

921.0
783.1

' 645.3
507.5
i 369.7

Extension of .Iaw
temperature area 2 . : ,1\_ i
0 0025 0.050 XY

5

X/ —

Fig. 14 Temperature contour of the improved design

Fig. 15 indicates the radial temperature dis-
tribution of the probe leading edge, the horizon-
tal axil represents the relative height of the lead-
ing edge and the vertical axil represents the tem-

perature of the outer surface. It can be seen that
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because of the increase of coolant mass flow
rate, the overall temperature of the leading edge
sees an obviously reduction. The average tem-
perature reduces from 1001 K to 969. 9 K. The
temperature profile along the middle span of the
probe is demonstrated in Fig. 16, the horizontal
axial represents relative distance to the leading
edge and the vertical axial represents the tem-
perature of the surface. It is shown that temper-
ature of the outer surface between the leading
edge and the first slot sees an obvious drop;
temperature between two slots sees a drop in
certain extent. Because no modification is imple-
mented to the second slot, no obvious change

can be seen at the rear region of the probe.

1100 — -
— Original design
1060 — Improved design
=
£ 1020
&=
L
£ 980
w
[
940 =
900 L 1 —_—
0 0.2 0.4 0.6 0.8 1.0
Relative height to the height of leading edge
Fig. 15 Temperature profile along the leading edge of
the probe radially
1000
900 ﬂ —— Original design =
— Improved design
o 800 1 }
=t
2 700F
5
= 600
5
= 5001
400
300 1 | 1 1
0 0.2 0.4 0.6 0.8 1.0

Relative distance to the length of probe at middle span

Fig. 16 Temperature profile along the middle span
of the probe

4.3 The results of wind tunnel calibration test

To investigate the accuracy of the probe at
various Mach numbers, a wind tunnel test has
been implemented. The probe being calibrated in

wind tunnel in shown in Fig. 17. According to

the conditions of {low field at the combustor out-
let, the Mach number is relatively low and the
attack angle of the flow does not vary signifi-
cantly; hence the calibration points are chosen
as: attack angle between — 15°and -+ 15° and
Mach number between 0. 2 and 0. 4 with step 0. 1.

The calibration curves are shown in Fig. 18.

Y

L

Wind tunnel nozzle

Fig. 17 The probe being calibrated in wind tunnel

It can be seen in Fig. 18, at Ma=0. 2 the er-
ror.is lower than 0.3% when the attack angle
range is between =10°. The definition of the er-
ror of the probe is expressed in Eq. (6). At
Ma=0.3 and Ma=0. 4 the error is below 0.3%

when the attack angle range is between £5°.

E — p - pmeasured (6)
p

Where E represents the error of the meas-

1.0

=~ Orifice 1
-=- Orifice 2 »
— Orifice 3 /
— Orifice 4 3
)\ — Orifice 5
! -+ Orifice 6 / !
\ — Orifice 7

El%
(=]
i

"

=20 -15 =10 -5 0 5 10 15 20
Angle/(°)
(a) Wind tunnel calibration curves at Ma=0.2

25
-+ Orifice 1
2.0k -=- QOrifice 2
— Orifice 3 B
— Orifice 4 /l
g 15F —Orifice 5| //f
i L -+ Orifice 6 /
LOF \\ —Orifice 7 /)
0.5F )
0 W -y
=20 -15 =10 -5 0 5 10 15 20

Angle/(®)
(b) Wind tunnel calibration curves at Ma=0.3
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4.0 =
N | =+ Orifice 1
354 = Orifice 2
3.0F \ = Orifice 3
= — Orrifice 4
” 25¢ — Orifice 5 4
% 20F ~=Orifice 6/ /8
15k — Orifice 7/
1.0}
05F
0 1

=20 -15 -10 -5 0 5 10 15 20
Angle/(*)

(¢) Wind tunnel calibration curves at Ma=0.4

Fig. 18 Calibration curves from wind tunnel test at

various Mach numbers

urement, p represents total pressure of the wind
tunnel, puoecsued represents the total pressure

measured via the probe.

5 Application in experiment

The probe was used in the annular combus-
tor tests for 6 times, the maximum working con-
dition has achieved total pressure 1036kPa, tem-
perature 1760 K. The details of working condi-

tions are listed in Table 2.

Table 2 Working conditions of the probe

Test  Average total pressure Maximum temperature

No.  of combustor outlet/kPa of combustor outlet/K

1 450 1081
2 475 1569
3 475 1559
4 994 1499
5 477 1760
6 1036 1760

The probe used in the experiments is shown
in Fig. 19, it can be seen that because of the di-
rectly impingement of hot gas and the absence of
the protection of coolant film, the leading edge
sees obvious black trace, which indicates it has
been severely burnt. The regions marked by the
red dash lines sees clear traces burnt by hot gas;
compared with the pressure contour of coolant
inside the probe in Fig. 20, these burnt regions
consists properly with the high pressure region.
Due to the high pressure of coolant, the blow ra-

tio in these regions raises and the coolant film

tends to detach the surface, consequently hot
gas invades into the gaps between the adjacent
film holes. On the contrary. the region enclosed
by blue solid line maintains the original appear-
ance of the metal; it indicates that in the region
the coolant film attaches onto the surface appro-
priately due to the relatively low pressure and a
modest blow ratio, this is also appropriately
consistent with the low pressure region in Fig. 20.
As a result, it is evident that the result of the
experiment consists properly with the CFD sim-

ulation.

Fig.19 The probe used in experiments

Total pressure internal cross section/MPa
1.502.

m ‘-
0.0075 0.0225

Fig. 20 Pressure contour of coolant inside the probe

6 Conclusion

An air cooled probe for total pressure meas-
urement of hot gas at combustor outlet is de-
signed. With the assistance of CFD technique,
the configuration of film holes on the probe is
designed. The overall cooling effect of the probe
is evaluated and then improved according to the
simulation results. The accuracy of the probe is in-

vestigated in wind tunnel. The probe is eventually
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utilized in an annular combustor rig test successful-
ly. The conclusions are summarized below:

a) According to the results of CFD simulation,
to obtain a satisfying cooling effect, the blow ratio
should be between 0.5 and 1.0. The non-dimen-
sional distance between two film holes should be at
least 12 for a good cooling performance.

b) According to the result of CFD simula-
tion, at maximum working condition, average
temperature of the probe of original design is
617. 7K, the maximum temperature locating at
the leading edge is 1088 K.

¢) By increasing local coolant mass flow rate
of the leading edge, at the highest working con-
dition, the average temperature of the probe re-
duces to 603.4 K; the highest temperature re-
duces to 1059K in the improved design.

d) According to the results of wind tunnel ex-
periment, for accuracy of 0.3%, the insensitivity
range of the probe is between £10°at Ma=0. 2 and
between #=5°at Ma=0. 3 and Ma=0. 4.

e) The maximum working condition the
probe utilized in is total pressure 1036kPa and
temperature 1760 K. The distribution of coolant
film on the probe in the éxperiments consists ap-

propriately with the CED simulation result.
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