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ABSTRACT

Experimental study has been a general way to evaluate inlet and exhaust duct performances, but this
is not only costly but also time consuming. Computational simulation is hence replacing experimental
study and consequently time and cost saving. This paper therefore aims to investigaté typical
component performance of the intake and exhaust ducts using 3D representation. In this study a
specific inlet and exhaust was modeled and analyzed to estimate its losses and flow field using
computational fluid dynamic program with flow visualization capabilities. A process that requires
geometry data to be modeled. That allowed for possibility of design trade off in designing phase.
Installed performance of a specific turbo shaft engine was finally evaluated with the estimated inlet,

exhaust and other accessories losses.
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1. Introduction
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the flight envelop that they are designed. It is
expected therefore that the engine inlet ducts
deliver air Mass flow rate at the correct speed,
angle and flow pattern that ensures optimum
operation with minimal Josses within the ducts.

A way of predicting the performance losses
plays a major role in ensuring good design of
engine ducts, nacelle and plenum chamber at low
cost and reliable practical flow regimes that may
be used in the aircraft propulsion system.

Three dimension numerical simulation of the
whole engine is the leading edge research method
the scale of such computation, however limits its

application on design procedure of aero-engines.
2. Inlet and Exhaust Duct Loss Estimation
2.1 Operating conditions
For this study a divergent inlet duct that
connects to the engine side intake using a plenum

chamber with a Mass flow rate of 5.1884lb/s at a

cruise velocity of Mach 0.4 was analyzed

Fig. 1 schematic diagram of Intake, engine and
exhaust

If the engine geometry and specification are
given, sizing of the inlet duct is done using the

flow function

MIT,

ap, M~ )

U 0|2 12i8t YB7| JhaEule -
A MsSDAL HP
k= |t T
R[I+(7——I)M ]:
where y " (2)

Tt A Mn and P, are the temperature,
area, Mach number and pressure at the throat

respectively.

Table 1. PW206C Engine operation range

Parameter Range
Operational flight altitude (ft) 10000
Turbine inlet temperature  (R) 2258
Flight mach number 0~0.4

From ambient pressure we can obtain the value of
inlet pressure assuming isentropic compression.

starting from ambient pressure then

P =P % g¥(To )=v(Topsy ) o)
where (entropy function)
v ()= e
22 Mass flow rate
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Fig. 2 Mass flow through a flow field

Air mass flow rate at any station within the
intake duct remains constant and may be
calculated considering Fig. 2 If an air mass (M)

sweeps over area (A shaded) at time interval
(dt ). then Mass flow rate can be expressed as:

= p(V,dt)A
M= ©)
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Calculations are done assuming that density

remains constant at 0.909kg/ 4,3 in accordance to
dimensions and sizes generated by the flow

function.

Table 2. Calculated mass f low rate

Throat Elbow Exit

Area (mm”2) 20.126 20.176 72.760
Velocity ( m/s) 0.28 0.218 0.078
Mass flow (lb/s) 5.1884 5.1884 5.1884

Once all these variables have been calculated at

each location performance simulation is
performed to obtain pressure, temperature and

mass flow rate at the compressor face.

2.3 Procedure to derive intake boundary — parameters

-Altitude Po1

-Flight Mach no Performance To1

-1SA 1 Modeling :

TET -Comp inlet mass flow

Fig. 3 procedure to derive inlet boundary conditions

Figure 3 represents the procedure used to
obtain intake boundary conditions.

Performance modeling starts wusing ISA
calculations for the used specified engine and

range given on Table 1, steady state simulation to

obtain, PossTy; and compressor inlet air flow
rate is performed data which are used as input

boundary condition for the duct exit.

Table 3. Input boundary conditions

Altitude Temp Pressure Density Sonic.vel. Viscosity
ft {K) (Pa) (Kg/m”3) (m/s) (M"2/s)
10000
. 268.6 70121 0.909 328.5 1.86%107-5
Static

10000
Mach0.43

270.2 103930 - - -

It is important that inlet boundary conditions

are defined with maximum accuracy .The intake

duct used in this study is so design that there is an
area difference between the lip face and the throat
as can be seen in figure 4 and table 2 . Table 1
gives us the free stream Mach number to be
between 0 and 0.4.

We  should Mach

number from 0.4 free stream flow to 0.43 at the

note the difference in

throat acceleration due to pressure reduction

24. Subsonic intake modeling considerations

The design process for the intake and nacelle

geometry compromises the following steps

-Sizing of the intake
-Internal intake design parameters
-Design of the internal lip contour

-Design of the diffuser section

Because the air intake face limits the mass flow
that can enter the engine, implies therefore that
the throat having the smallest area has to perform
in a way as to meet the maximum flow demand of
the engine.

It is important to size the intake according to the
highest flow point to ensure no choking at any

flight envelope [3]

Figure 4 shows a typical intake arrangement of

the aircraft gas turbine.

cowl

diffuser

To outlet

Fig. 4 Intake description
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25 CFD  modeling of duct

Once geometry is established then several issues

have to be considered as follows;

-Shape and size of computational domain

-Grid structure and geometry

-Boundary conditions

-Solver setting
A 3-D axi- symmetric model with structured mesh
was used for this study. Structured grid was
selected as it allows the grid to be aligned with the
flow direction within the domain and thus
improves accuracy.
Figure 5 shows a structured meshed intake duct
without the plenum chamber of about 61034
elements generated using CFD-GEOM tool.

Fig .5 Structured grid of intake duct

Grid density used was of 20 to 30 nodes along the
span wise length of the duct and 15 nodes for
width. Reynolds Navier strokes (RANS) was used

together with the wall functions.

Standard k ~ & model and Kato launder kK — &
model as aero duct require smooth interior ducts
surface to minimize losses.[1]

The model was then exported to CFD-ACE
solver where boundary conditions are defined.
Pressure was selected to be the reference point as

this study involves pressure loss.

2.6. Matching of performance and CFD simulation

The idea of combining CFD module and
performance simulation requires an iteration
procedure.

CFD analysis is performed with ideal boundary
condition, predicted for the given air Mass flow
rate. The simulated Mass flow rate reduction is
observed due to pressure loss until engine is
matched.

Component mass flow rate matching required
several iteration performed at a cruise altitude of
10000ft and flight Mach Number 0.4 preselected

condition to avoid duct choking.

27 Analysis results

According to the inlet duct CFD analysis results
based on the given boundary conditions pressure
loss was found to be about 2.3% for the intake
duct model operating at a cruise condition of
10000ft Mach No 04 and mass flow rate
5.1884lb/s.

Table 4 CFD Analysis result

Parameter inlet outlet
Density  Kg/m"3 0.957 0.9916
Mach No 0.435 0.31
Pressure (Pa) 103930 101239
Temperature  (K) 268.0 270.29
Velocity U (m/s) 145 26.38

Based on this CFD results pressure loss within the
duct can be calculated from the following
equations. Percentage pressure loss can be

expressed by

P -P
o = 100(1-p, )* (T Lo
P0a P0n (6)
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Table 5 shows the estimated pressure losses of # 25
the inlet using CFD analysis and equation 6 at 20+ [
several operating conditions. 1.5 Ay
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Table 5. Estimated Pressure Losses of inlet at several

conditions
(Mach No.) 01 0.2 03 0.4
Mass Flow (Ib/s)| 51884 | 5.1884 | 5.1884 | 5.1884
Icni'ujt_pres(Pa) 70119.68|71650.32| 74173.8 | 77807.34
Output press (Pa) |68506.26|70417.93 | 73320.80 | 76990.36
pressure loss 96) | 1.05 | 1.15 1.72 2.3

. Smart UAV duct fitted on PW 206C Engine _ |

Total pressure loss %

T T T
025 0.30 040

Mach number

Y T
010 020

Fig. 6 Pressure loss with mach number variations

A constant increase in pressure loss with

increasing Mach number was observed to a

maximum pressure loss of 2.3% at mach 0.4

Acea of inlet face M*2

Fig. 7 Pressure loss with changing area along the
duct length

Total pressure loss reduce with increase in area
that may be associated with increase in volume
at constant density and increase in airflow speed

to maintain constant Mass flow rate.

| ~m~ % pressure loss|

| stendard day

pressure loss %

T
10
Temperature deg C

20

inlet  ambient

Fig. 8 Pressure loss with changes
temperature

n

Analysis done at different inlet temperature
showed considerable low pressure loss on a hot
that is

day a phenomenon associated with

reduced Mass flow rate from the normal
5.18841lb/s to 3.96lb/s for the same altitude and

speed . Mass flow rate of 4.631b/s for cold day
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Figures 9, 10 and 11 show internal flow pattern,
pressure distribution and pressure distortion,
respectively.

P - N/mf2
9.8E+0D4

1.1E+004

Fig 9. Intake duct air flow pattern

- N/m"™2
9.8E+004

1.1E+QD4

Fig 10. Pressure distribution as viewed from the Z
plane cut

Fig. 11 Pressure distortion

along
between intake duct and plenum chamber

interface  plane

28 Exhaust Duct

The process of grid generation is more like that
for the intake duct above except that unstructured
grid was used with about 20000 elements. Two
sets of inlet boundary conditions were used the
main hot duct and cooling air duct

The core receives hot gasses at 887K projected

at 160m/s and total inlet Mass flow rate
(5.18841b/s) remains constant since the engine

and componen ts match.

Flow direction in exhanst duct

Fig. 12 Exhaust duct model

Table 6 below represents the CFD analysis results
of the Exhaust duct and Table 7 shows the

percentage pressure losses at several operating
conditions. [5][6]

Table 6. CFD analysis results of the exhaust duct

Turbine exit flow inlet outlet
Temperature  (K) 887 626.8
Mass flow rate (Lb/s) 5.1884 5.1884
Pressure (Pa) 183.800 157.6

Table 7. Estimated % Pressure losses of exhaust at
several conditions

Conditions

10000ft ISA Mach 0.1
Hot day ISA+20 10000ft
10000ft Mach 0.2 ISA

Pressure loss
1.499%
1.32%

2.24%
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Fig. 13 flow contour of exhaust duct

3. Installed Performance of Turbo Shaft Engine

A commercial simulation program GASTURB 9
was used for this study .Several input values of
RPM, Mach No

corresponding off design output value of Mass

were defined and the

flow rate ,Fuel flow rate were obtained and
compared to the corresponding condition as given
by the EEPP (estimated engine performance
program){2]
Having analyzed the losses incurred at the intake
(2.3%) and exhaust (1.499%) at Mach 0.4 they are
included in the study of engine installed
performance loss at ECS (environmental control
systems) off and at Max

Analysis is done with variation of Gas generator

RPM, Mach number and altitude respectively [4].

600

~4—ECS OFF
—a—Uninstalked
—#—ECS MAX

500 T

400 1

300

Shaft Horso Powor (HP

200

0 5000 10000 15000
Attitude(t)

Fig. 14  Variations of Altitude

Shaft horse power reduces with increasing
altitude with a slight loss in power at ECS Max
due to power extraction and changes in air
density that affects the Mass flow rate ,Mach 0.4

and gas generator speed of 100% was maintained.

——ECS OFF
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Fig. 15 Variations of Mach number

Variations of Mach numbers performed at
10000ft and Mach number 04

increase in shaft horse power as a result is

shows an

increased air supply to the duct face ECS Max
is lower than ECS off due
losses gas generator speed of 60% was kept
all through.

to mechanical

600

—~—ECS off

Shaft Horse Power (HP

~@-Unnst led
4 -4~ ECS MAX

300 t t t
60 70 80 90 100
Gas Generator RPM

Fig. 16  Variations of Gas Generator Speed

Sea level static conditions at Mach number of
0.4 were used as gas generator speed was

changed and corresponding values of shaft
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horse power plotted against changes in RPM
between 60~100%.
constant increase in power was observed until

the rated power of 550 HP was reached.

007 1
-9—ECS OFF
Un nsta lied
~A—ECS M AX
» 0.06 7
F
=2
=
£
€ (.05 - 4
H - a——
i o~
g
“0.04 1
0.03 + 4 }
0 0.1 02 03 0.4
MACH NO.

Fig. 17 Varations of Mach number

We observe slight increase in fuel flow rate
with increasing Mach number that may be
explained in terms of the extra power required
to overcome the extra work done by the
compressor 10000ft with 100% RPM was kept
through this analysis.
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e22 7T
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Fig. 18  Variations of Mach number

100% RPM at 10000ft observed similar trends
as fuel flow rate Mach number increases the
air Mass flow rate to the engine. that results

in more power being produced

Mass Flow Rate (tbm/s

34 ~4—ECS OFF
! w-Unhstlkd
~k—ECS MAX
32 . } —
60 70 80 90 100

Gas Generator RPM

Fig. 19 Variations of Gas Generator Speed

The Mass flow rate at 10000ft with a speed of
Mach 04 was plotted against changes of gas
generator speed an increase of Mass flow rate
what noticed. This works in accordance to the

Mass flow rate formulae Equation 5.
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Fig. 20  Variations of Altitude

Proportional to the reduction in air density
and Mass flow a cotresponding reduction in
fuel flow rate was noticed regardless of
maintaining RPM at 100%



108

Ok
02t
iy

- George Omollo Owino S22 EFIBEE| K|

4, Conclusion

Due to lack of performance data fundamental
design principles were applied to create a generic
model. The results for each component appeared
reasonable and CFD analysis of ducts was
adapted easily to other ducts. The combination of
CFD module for intake systems has shown
reasonable results in absence of information about
pressure losses for these components. Finally the
installed performance of turbo shaft engine
PW206C was

calculated inlet

investigated considering the

losses estimated by CFD

technique.
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