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| ABSTRACT :

”\ & three dimensional end-wall boundary layer theory is applied in order to predict the flow behaviour in an axicl-to-
| ‘i‘ il &fFuser with inlet swirl .

Beundary layer profiles are predicted and matched with the main inviscid flow, which Is determined from a simple
| el equilibrium approach where end-wall blockage effects are taken into account,

Complete spanwise three dimensional velecity profiles are calculated and compared with experimental data at
weweral locations in the diffuser, for three different test configurations.

Momenclature :

) = volume flow

B erbss-sectional area ‘ Subscripts and superscripts
S = blockage factor e = external flow

n = diffuser spacing at exit

® = radius of curvature ; W = al the wall

r = radius A = inviscid main flow parameter
¥m = meridional velocity

Vme = free stream meridional velocity ~ = pitch average value

]\ = = inlet flow angle dwonstream from the guide letbaduction®

' vanes rings

’ & = augle between the meridional plane and The flow conditions in a diffuser are in general
i velocity vector critical and as a consequence, diffusers are often
Rl * = E’o — B = skewing angle of boundary layer a delicate part of a fluid flow system. Reliable
| z» = wall skewing angle diffuser flow prediction methods are, therefore,
| I = i neiidion] cobrdidites important whereas such methods are not profuse
! X, ¥,z = in cartesian coordinates due to the near stall flow conditions,
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The choice of a diffuser is in general based
on experimental characteristies which are available
in the literature (1, 2 ). Simple conical, rec-
tangular and annular diffusers are quite well
designed in this way, whereas the effects of
inlet swirl, inlet blockage and wall curvature are
less clear at the present time. : :

In the present paper, the flow behaviour in
an axial-to-radial diffuser with inlet swirl is
predicted by use of a three dimensional end-wall
boundary layer prediction method which interacts
with a simple radial equilibrium approach-

Experimental data are available from MIT(3).
Several test coafigurations are available, obtained
through the variation of the axial distance h
between the two diffuser walls (fig. 1)

Increasing, decreasing and nearly constant
cross sectioms are obtained in this way.
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The end-wall boundary layer calculation is
described in De Ruyck and Ch. Hirshch ( 4-7 ).
This method consists of a three dimensional
integral boundary layer approach, where boundary
layer velocity profiles are reconstructed through
the use of velocity profile models.

The mainflow is predicted from a simple
radial equilibrium approach where the end-wall
blockage is taken into account.

Complete velocity profiles are reconstructed
aud Compared with experimental data at seven
locations inside the diffuser, for three test confi-
gurations, an increasing, decreasing and nearly
constant cross-section test cases.

1. END-WALL BOUNDARY LAYER THEORY

1. Basic Equations: In the present section, the
end-wall boundary layer theory as presented in
(4-7) is brieily summarized.

The basic equations are written as follows:

dVmg

d e |
a*n;l'OPon% gmm +ra?ovm03*m—am ¢Vm? Sing

(S*atge+0uu)=TgTym .. (1)
Vm20um+ rez,Vmgd m ponibi + pVm2Sing
oPo 0 + TP ¥ Mg ey

(3*mtgo + fum)=Tewy --- L 2)
A coordinste system denoted as meridional
coordinate system is used. The corresponding
coordinates are m,n,u where m denotes the meri-
dienal direction, n the direction nermal to the
end wall and u is the pitchwise direction (fig.1),
Equations 1 and 2 are valid for an axisym-
metric fow. In the case of mnon-axisymmetric
flows ( such as turbomachine flow ), extra terms
denoted as ‘defect forces’ are to be sdded.

1.2 Introduction of Complementary Relations :
Ia the above equalions six unknowns appear : Omm,
Qum, Ouu dm* Tm, Tuw Ouly two equations
are available through egs. 1and 2 and therefore
additional relations ®re searched. Heads entrain-

ment equation is given by
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d F(H*) 1 dv
8 e ey TSRy o
o (3—8*m )= ——"-(3—-3m ) Vam

The estimation of the mainstream skin friction
cccurs through the use of a non.dimensional skin
friction coefficient generally noted as C; The
popular relation for C; is probably the Ludwig

Tillman’s relation which is generally accepted.
Cf A .246 Re-(_af,gs) exp ( -1.56H ) (4)
Where Re (6m) is defined by

Vme*0
Re(6m) = __‘.“%—nl

1.3 Velocity Profile Models : Kool’s [8] profile
which is adapted for turbomachinery

(5)

model,
application is used to construct the velocity profile.
The proposed model in meridional direction is
as follows :

Vm

L e 1 e ) L e S 6
Ve Jb(l—y") (6)
Where y’ =y/S, b is the velocity defect at

the edge of the small inner layer,and n is the

velocity profile model power.* b’ is related to
the skin friction through.
b=exp ( -7nCf.® Cosa—134) .. e )

2, THE MAIN FLOW PREDICTION : Main
flow quantities are denoted with an overhead
carat ( A ) and are to be considered as inviscid.
Two quantities Vm and Vu are to be determined
to construct the velocity profile through the axial
to radial diffuser. Throughout the pure axial
radial part of the diffuser, the mainflow velocity
remains uniform over the span of the diffuser.
In the curved portion of the diffuser the velocity
profile is mnot uniform.

2.1 Meridional Velocity Prediction : According

to the continuity the span average meridional

velocity Vm is determined through
Vm=Q/S(1=-B) .. N (8)

Where Q = Volume flow
S = area of cross-section
B = blockage

BUET, Dhaka

The average meridional velocity, Vm is found
at each section as function of the blockage, B
which is to be determined through end-wall
boundary layer theory. The non-unifermity of
Vm will be determined through continuity and

the circumferential velocity will
through radial equilibrium.

be determined

The angular velocity is given by

e o, Yo it 4oF
The velocity normal to the wall Vn is very
small in comparison to the meridional velocity.
Therefore, the third term on the left hand side
of the equation can be neglected. After integra-
ting eq. (9) from the lower wall till the upper
wall ( nl, n2 ) following expression can be found,

A A L
¥m2-Vml=Vm/Rh .. .. i (10)

A
be assumed that Vm varies 1in a

diffuser

It will
linear way over the span. From the

results this assumption seems to give a satisfactory
approach for the present tests.

Vm,=Vm+(Vm/R }b/2 ... ... .. 11
ValeVa—(VmiRb/2 ... ... .} (1

and Vm is given by
A A A A
VmeVml+(Vm2—Vml)n/h ... .. (i3)

If the average meridional velocity (Vm) is
known at a particular the velocities
(Vml, Vm2) at both upper and lower wells can
be determined using eqs (11) and (12), Vm
follows frem eq (13).

section,

2.2 Circumferential Velocity Prediction: The
circumferential velocity is calculated by radial
equilibrium which in the present case reduces to

A
Blomp o o (14)

3. Viscous-Inviscid Intereaction ¢ The viscous
and inviscid parts of the flow interact through
a simple iterative The invicid flow
is searched through equations (8), (13) and (14)

procedure.
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assuming an arbitrary initial blockage B. The
end-wall boundary layer theory is applied using
eqs (1) to (8), giving a new blockage distri-
bution and a inviscid flow field.

This procedure is repeated until a constant

blockage is found. The ‘main flow’ velocities

A
in eqgs (1) to (8) are taken at the walls (Vml,
A A A
Vm2, Vul, VuZ) (4).

31 Matching of the velocity profiles: In order

A
to construct complete spanwise profiles Vm and

A

Vu are to be matehed, the matching of the

A
profile model and the mainflow profile (V) 1is
done by matching the profiles at the boundaries

s — [V and n =3. Thia can be done by setting
(hg 2).

1

£

Fig. 2

A A
V—Vreal =Vw—V
A A A
or Vreal = V 4+ V—Vw CHITHA 5)

4. Comparison with experimental data:

From the report of Drum (3) data were
available for six geometrical configurations (3
inereasing, 2 nearly constant and 1 decreasing

4o ). The'codfigurationsupte identified by a
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run number. For each configurations
stations along the diffuser had been taken into
consideration and at each station the velocity
magnitude and the flow angle p were measured
at several points from the lower wall.

seven

Out of six configurations three have been
selected : one increasing, omne nearly constant
and one decreasing area (RUN AE. &F)

To start the calculation only the experimental
inlet conditions Vm, Vu, the profile model power

n, the skin friction and the wall skewing angle
are needed.

The start values of n, cf and &

obtained through a fit of the profile model

equations with the experimental profiles at the
first stationm,

were
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Since the geometry of the diffuser is not
clearly defined in (3) seme problems arose
in defining the correct height h at each station.
THe height of a particular section is corrected

by adjusting the total mass flow rate through
the section.

5. Summary of Results:

The results are shown in figures 3 to 5.
In each figure, a comparison is made between

A
the experimental and calculated profile of Vm

and Vtx. The profiles Q/'m and \;u moreover are
extended up to the end-walls. No experimental
data are available in the axial part of the diffuser.
Stations 1 to 3 are inside 'the curved portion
of the diffuser and the non-uniformity of the

A
main velocity V can clearly be seen. The remaining
stations are in the pure radial part.
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51 RUNJA (inlet swirl 23 degrees, increa-
sing area): Figure 3 it can seen that the
predicted velocity profiles compare well with the
measured profiles, although the pressure gradient
is the most adverse one and the blockage is
the thickest one, when compared with the other
runs. The freestream velocity should normally
decrease from inlet to the outlet (increasing
area ), but this is not the case due to .the
increasing end-wall blockage effects. M

52 RUNE (nearly constant area, inlet swirl
59 degrees ). The blockage levels are however,
in general well predicted in all the stations
(Vm profiles ).

In the large inlet swirl case, a good agreement
is observed up to station 4, althotgh a very
large inlet blockage is present ( fig. 4, station 1).
At exit the boundary layers are almost confluent.

5.3 RUN F (decreasing area): From
figure 5 it appears that in case of decreasing
area a fair agreement with the experimental data
is found. The pressure gradient is negative,
the inlet swirl is small and the experimental
data are of good quality.

Conclusijons :

A method for the prediction of an annular
diffuser flow has been summarized. It has been
applied to an axial te radial diffuser and the
results have been compared with experlmental data.

Agreement is in general observed and the
overall behaviour of the diffuser flow is correctly
predicted for several configurations and inlet

swirls.

Some discrepancies are observed which may
be due to consistency problems in defining ‘free
stream’ quantities or to local separations which
are not predicted by the theory, however.

The present method shows that itis possible
to take curvature and inlet swirl into account
through an interaction between simple main flow

and integral boundary layer approaches.
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