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EVALUATION OF METHODS FOR PREDICTING DEVIATION ANGLE
IN PLANAR TURBINE CASCADES

This paper presents a review of methods for predicting the flow exit angle from a planar turbine cascade operating with subsonic and tran-
sonic flow regimes. An analysis of empirical correlations used to determine the deviation angle is performed, and the advantages and limita-
tions of each approach are discussed. The accuracy of empirical correlations and the CFD approach is evaluated by comparing their predic-
tions with experimental data obtained for the VKI turbine cascade profile under both design and off-design operating conditions. The com-
parison reveals a low prediction accuracy of empirical correlations for considered regimes. The largest discrepancies are observed at outlet
Mach numbers below 0.6. The closest agreement with experimental data is achieved using CFD (AxCFD™). The results show good con-
sistency both in terms of the absolute values of the deviation angle and the trend of its variation under off-design conditions. Additional CFD
simulations of three planar turbine cascade configurations demonstrate a significant influence of blade geometry on the predicted deviation
angle. The relationship between the kinetic energy loss coefficient and the deviation angle is also discussed. Both CFD and experimental
results indicate that the minimum loss condition corresponds to the minimum deviation angle. Furthermore, a consistent trend in the variation
of these two parameters is observed across different operating regimes. It is concluded that accurate prediction of the deviation angle is a
complex problem requiring consideration of a wide range of geometric and operating parameters of the cascade. Further research in this area
is recommended.
Key words: axial turbine, turbine cascade, deviation angle, outlet angle, CFD, AXCFD™, validation.

A. 1. BABAEB, O. 10. O/JIH, B. C. BAPAHHIK, O. I1. AB/IE€EBA
AHAJII3 METOJIB BUBHAYEHHSA KYTY BIAXWJIEHHSA
JAJIA IVIOCKHUX PEINITOK TYPBIH

VY crarTi BUKOHaHO ONIIsII METOJIiB BU3HAYEHHS KyTa BUXOy poOOYOro Tijia 3 INOCKoi TypOiHHOT PeLIiTKH JUIsl JO3BYKOBHX Ta TPAHC3BYKOBBIX
pexumiB Tedil. [IpoBeneHo aHa i3 eMIIPHYHUX 3aJ€KHOCTEH /I BU3HAYCHHS KyTa BIAXWUICHHS, BII3HAYCHO EPEBArd Ta HEAOMIKU KOXKHOT
MeToauku. OIiHEHO TOYHICTh eMmipuYHuX Kopesnid Ta CFD-mifxomy HUISXOM 3iCTaBICHHS pe3y/bTaTiB, OTPUMAHHUX 13 BUKOPHCTAHHIM
[MX METOJIB, 3 €KCIIEPUMEHTAIBHIMHU JaHUMHU I Tpodimo TypOinHOi pemiTkn VKI B po3paxyHKOBHX i M03ap0O3paxyHKOBUX peXUMax. Y
pe3ysbTari HOpiBHAHHS BCTAHOBJICHO HU3bKY TOYHICTH IIPOrHO3YBAHHS BUKOPHCTAHUX €MITIPUYHHUX KOPEJIALii K JUIsS pO3paxyHKOBHX, TaK i
VIS TI03apO3PaxyHKOBUX pexuMiB pobortu pemritku npodento VKI. Haiibinpimi moxubku cnocTepiraloThCs NMpU 4yHciax Maxa Ha BHXOJI
meHme 0,6. Haiikpaina y3rofkeHiCTh 3 eKCIepUMEHTaIbHHUMH JaHUMH oTpuMana mis pesynsratiB CFD (AxCFD™). Pesynsratu no6pe
30iraroThCs K 3a aOCOMIOTHUMH 3HAYCHHSIMH KyTa BIIXMIICHHS, TaK 1 32 XapaKTepPOM HOro 3MiHHU B 03apO3paxyHKOBUX pexumax. JlonaTkosi
CFD-po3paxyHKku TpboX KOH(QIrypariif miockux TypOiHHUX PENITOK MOKa3yITh 3HAYHHI BILIMB TeOMETpii Mpodilto Ha BU3HAYCHHS KyTa
BiIXMJICHHA. Y POOOTI TakoXk PO3IIISTHYTO 3B’A30K MiX Koe(illieHTOM BTpaT KiHETUUYHOI eHeprii Ta KyTom BiaxmieHHs. Pesynsratn CFD Ta
EKCIIEPUMEHTANIbHI XapaKTePUCTHKU MPOQUIiB CBiYaTh Mpo 30ir pexxuMy poOOTH, MPH SKOMY CIOCTEPIra€Tbcss MiHIMyM BTpar i MiHIMyM
KyTa zeBianii. Takox BiJ3HA4a€ThCS Y3TOKEHICTh TPEHAIB 3MiHU LIUX MapaMeTPiB Y Pi3HUX PEeKUMAaX POOOTH PEIIiTKH. 3pOoOJIEHO BUCHOBOK,
1[0 BU3HAYCHHS KyTa BIIIXHJICHHS € CKJIAJHOIO 3a/1a4eto, fKa MoTpedye BpaxyBaHHs IIMPOKOTO CIIEKTPA FeOMETPUYHHX 1 PEKIMHHUX MapaMe-
TpiB pEIITKU. PeKoMeHIy€eThCs IPONOBKEHHS JOCIIDKEHD Y IIbOMY HAIPSIMKY.
Kuarouogi ciioBa: ocboBa TypOiHa, penritka TypOiHH, KyT BinxuieHHs, KyT Buxony, CFD, AXCFD™, paninais.

Nomenclature p — pressure;
p — density;

b — blade chord; v — kinematic viscosity;

b. — blade chord (by camber); w- outlet velocity;

s — cascade pitch; M — Mach number;

0 — throat opening; Re — Reynolds number (wb/v);

tmax — profile max thickness; ¢ — loss of kinetic energy;

Xc — max thickness location from leading edge; u — flow coefficient;

B —flow angle; AVDR - axial velocity density ratio (out.-to-in.);

By — gauging angle; index “1” — inlet;

Pm —metal angle angle; index “2” — outlet;

v — stagger angle; index “is” — isentropic expansion.

8y — deviation angle measured from Bg;

dm — deviation angle measured from Bam; Introduction

0 — blade camber;

e — radius of curvature of the profile on the suc- The flow exit angle is one of the key parameters
tion side downstream throat; of turbine airfoil cascades. An error in estimating this

| — blade height; parameter may lead to a deviation of the actual turbine

t — temperature; performance from the predicted values.

® © A. Babaiev, O. Yudin, V. Barannik, O. Avdicieva, 2026
@ OPEN ACCESS Jocnignunpka crarts. L5 cTaTTs NOMMPIOETHCS 32 MIXKHAPOIHOKO JIIEH3IEH0
Creative Commons Attribution (CC BY 4.0)

Bicauk HamionansHoro texHiunoro yHiBepcutety «XI1I». Cepis: Enepeemuuyni
ma mennomexniuni npoyecu it ycmamxyganns, Ne 1(21) 2026 5



ISSN 2078-774X (print), ISSN 2707-7543 (on-line)

The outlet flow angle B, in turbomachine cas-
cades is determined using the deviation angle 3,
which, depending on the methodology, is measured
relative either to the gauging angle Bg4 or to the blade
exit metal angle Bam:

B2 :Bg +8g ) 1)
Bg = arcsin(%), 2
B2 =PBom +0p - 3)

As a rule, formulas (1) and (2) define angles
measured relative to the tangential direction, whereas
formula (3) refers to angles measured relative to the
axial direction.

An analysis of the literature shows that the exit
flow angle depends on the downstream distance from
the cascade and is governed by a specific combination
of geometric parameters and flow operating regime.

The estimations of the deviation angle reported
in the literature show a significant spread in its abso-
lute value.

According to Aungier [1], the deviation angle dq
is quite low for the turbine cascades with By~ 10°—
20° but can reach 5° —6° at gauging angles close to
50°.

A synthesis of experimental and computational
(CFD) studies conducted by Islam-Sjolander [2] for
cascades with outlet metal angles in the range of 14° —
41° indicates a more pronounced effect. The deviation
angles 6m are in the range of 1.6° — 5.5°.

When comparing information from different
sources, it is also necessary to consider a certain de-
gree of difference in the flow pattern between planar
cascades of turbine profiles and cylindrical cascades
with complex three-dimensional blade geometry. In
particular, a specific control of the flow distribution
within the cascade passage can lead to a significant
difference between the gauging angle and the actual
exit flow angle (Fig. 2) [3].
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Fig. 1 — Deviation angle (34) depending on the discharge

Mach number for the different gauging angles [1]

In practice, various correlations are used to esti-
mate the deviation angle, most of which have been
derived from the processing of experimental data for
planar cascades. The applicability of these correlations
is limited to the corresponding cascade types and the
parameter ranges for which they were obtained.

With the development of computational fluid dy-
namics (CFD) methods, it has become possible to ana-
lyze the flow structure in cascades in much greater
detail and to obtain quantitative estimates of parame-
ters with accuracy comparable to that of physical ex-
periments. However, CFD simulations are typically
applied to known cascade geometries, which must first
be designed by the engineer. Therefore, despite the
capabilities of CFD, empirical correlations remain
relevant due to their high computational efficiency and
convenience for use at the steps of preliminary design
and flow path optimization.

The aim of the work

The aim of this work is to review existing meth-
ods and approaches for determining the flow exit an-
gle in planar turbine cascades and to assess the accu-
racy of their predictions for subsonic and transonic
flow regimes.

The results of data analysis and CFD simulations
can be used to refine engineering methods, thereby
improving the accuracy of calculations in turbine stage
design.

The general part

1 Review of empirical correlations for the exit
flow angle prediction

There is a large number of empirical correlations
in the literature for predicting the flow angle at the
outlet of the turbine cascade.

1 LB g
_ 1 |:_ 2 -
[ 1 /
/r
]
0,6
/ 1
0,4 {
]
]
( ]
0,2 i
O ':'! \"—-__.\

15, deg
6 10 14 18 22

Fig. 2 — Flow angle distribution along the airfoil
span [3]: 1 — gauging angle; 2 —exit flow angle
(prismatic blade); 3 — exit flow angle
(blade with complex 3D lean)

Bicuuk HamionanbHoro texHiunoro yHiBepcutery «XI1l». Cepisi: Enepeemuuni
6 ma meniomexniuni npoyecu i ycmamxysanns, Ne 1(21) 2026



ISSN 2078-774X (print), ISSN 2707-7543 (on-line)

One of the most frequently cited work on the
methodology for determining energy losses and the
exit flow angle is by Ainley-Mathieson [4].

According to the Ainley-Mathieson method, the
main factors determining the exit angle are the exit
Mach number, the ratio of o/s, or indirectly the gaug-
ing angle, as well as the profile curvature e on the suc-
tion side downstream the throat.

The results in the original work are presented in the
form of graphs and analytical dependencies.

Wilson [5] transformed the Ainley-Mathieson da-
ta for practical use in the following form:

-M2<0.5
! -1/ 0 ol 4o S
O (0<m<0.5) ZE{COS 1(2)‘_10 }+4 (Ej; @
-M;=1
1.786+4.128 >
(O S 8{ ] (o
0L (v-1) =|COS 1&) _(g) eJlsin 1&) . 5)
-05<M,<1

Az = A(0<m<05) _(ZMZ _1)qa(0<M<0.5)|_a(M:1))- (6)
The model is applicable for turbine cascades but
does not consider a number of geometric and opera-
tional regimes for the profile (Reynolds number, inci-
dence angle, etc.).

The main difficulty in using this correlation is
the need to determine the curvature radius e. This is
challenging at the preliminary design step or during
performance analysis of the existing design, where the
profile is often defined by a set of coordinate points,
or when the profile has a straight-line suction-side
segment in the region downstream the throat.

To address this issue, Aungier [1] proposed a
modification of the model. The presented formulation
introduces some simplifications that allow predicting
the deviation angle without detailed profile geometry:

—M2<0.5
89289,0; @)
-05<M;<1
5y =8401l-10X° +15X * —6X°] | ®)
where
0 o) By )’
5,9 =arcsind| — [ 1+[1-= | =% —B,, (9
sz 5] o
X =2M,—1. (10)

The level of the deviation angle for this two-
parametric model for different gauging angles and
Mach numbers is shown in Fig. 1. It can be noted that
the deviation angle is small for gauging angles below
25°, approximately 1°. It is also worth noting the ten-
dency for the deviation angle to decrease in the range
of M, = 0.5-1.0, which is the most commonly used for
converging cascades.

A key feature of this model is the zero deviation
angle at the operating condition of M, = 1 for all blade
profiles with all gauging angles Bq. Aungier is ex-
plained this by the assumption that for the M, =1 re-
gime the energy losses in the region downstream the
throat section are insignificant and the change in den-
sity can be neglected. However, there is no practical
confirmation of such behavior of the deviation angle
at Mach numbers close to 1.0.

Equations (7) — (10) are quite convenient to use,
particularly at the preliminary design step. However,
they do not account for many geometric and operating
flow regimes of the cascade.

The approach by Howell and Carter-Huges [6],
[7] was mainly developed based on data for compres-
sors, however, some authors point out the possibility
of using dependencies for the deviation angle for tur-
bine cascades [7]. The developed empirical depend-
ence, including the deviation angle in the so-called
«design point mode» &m, arising at the design inci-

dence angle:
n
t
Op=mo| — | ,
" (bC]

where n — is a coefficient, equal to 0.5 for compressor
stators and equal to 1 for inlet guide vanes (can also
be applied for turbine cascades [7]);

The coefficient m depends on the geometric pa-
rameters of the blade cascade and is calculated as fol-

lows
X n
m=0.23|2-C +B—2.
be 500

The exit angle in this equation is defined relative
to the outlet metal angle of the cascade. Angels in this
study are measured from the axial direction.

It is worth noting the direction of works per-
formed in Carleton University that are related to the
use of the AVDR parameter as a base [2], [8]. This
parameter determines the degree of flow expansion in
the cascade and is defined as the ratio of the axial ve-
locity multiplied by the density at the outlet to a simi-
lar complex at the inlet.

Based on Rodger’s cascade experiments, it was
observed a linear dependence on AVDR at the design
incidence angle. This relationship can be described by
the following equation [2]

8 = 8o +14(AVDR -1). (13)

When the incidence angle varies, the observed
dependence can be represented by the following cu-
bic-type equation [2]

8 =80 (AVDR ). (14)

It should be noted that the deviation angle in
Fig. 3 and Fig. 4 is negative, since in Rodger’s exper-
iments it was defined as B2 — Bam. In [2], these data are

presented with the opposite (positive) sign, for which
equations (13) and (14) were derived.

(11)

(12)
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Fig. 3 — The effect of AVDR on midspan
exit flow deviation at design incidence [8]

Taking into account results obtained by Rodger,
Islam-Sjolander proposed a correlation that considers
AVDR as well as the influence of a number of cas-
cade’s geometric parameters:

(AVORF( ) (4

145 trex 0'3( 1.64).
7o | (2028,

Angles in this formula are measured from the ex-
it metal angle.

It should be noted that dependence (15) was ob-
tained by the authors based on a relatively limited
amount of data. A total of 45 cases of both experi-
mental studies of cascades and the results of numerical
flow modeling (RANS) were considered.

As discussed in [2], [9], the correlation shows
acceptable agreement for AVDR 0.95-1.05, when
M, <0.7.

The model (15) was further improved by Zhu-
Sjolander [9]:

0100 oss s (1 0.29
(SJ (Bl +BZm) cos (Y{bj

(30 +0.01py, 2" Jrant] _ 22 2
Tm 200000

The authors note that the new correlation incor-
porates a larger dataset (81 cases), which allows for
more accurate prediction of the effects of low Reyn-
olds numbers, high blade loading, and extend the
range of validity of the correlation in general. The
authors omitted the AVDR parameter due to its mini-
mal variation (0.95 — 1.05) for the cascades used in the
process.

The variation of geometric parameters used to
obtain the correlation (16) is presented in [9]. The
range of blade stagger angles can be noted as 62.1° —
18.8°. From this point of view, applying equation (16)
may result in significant deviations for active profile

Oy = (15)

5, =17.3

(16)
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Fig. 4 — Variation of the midspan deviation
with incidence [8]

cascades what have blade profile stagger angle below
<18.0°.

When comparing the results of formula (16) with
the data of 81 profiles, the authors point out a devia-
tion in the results at positive incidence angles [9].

Reference [10] recommends a correlation formu-
lated using an analytical approach. By applying the
mass conservation equations with a number of as-
sumptions, the exit angle for subsonic flow regimes is
determined using the following formula:

B Pais sinﬁg] .

17
1-¢ p2 an

There are a lot of computational models [4], [7],
[10], [11], for determining the Kinetic energy loss co-
efficient £, which differ in the level of geometric and
operating factors detalization. Calculating the cascade
flow coefficient u is more challenging. There are sig-
nificantly fewer methods available for its determina-
tion compared to the number of models for energy loss
and deviation angle.

As an example, the methodology in [10] can be
described. The flow coefficient of the turbine blade
cascade depending on the cascade type can be deter-
mined by the following formulas:

— stator cascade:

o, = arcsin(

p =0.982 —0.0056 IB—AHM —Alpge;
2

(18)
— rotor cascade:

p =0.965 —0-01|£—AMM —Apge —Apag - (19)
2
Exit Mach number factor:

Apyy = 0.01M3; —0.005M3 ;.. (20)
Exit Reynolds number factor:
Apge =-8.0Re;*>. (21)
Profile camber angle factor (rotor only):
Ap g =—0.02+0.027 sin(AB), (22)
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where the channel bend angle AB:
AB=180" - (B B, ), 90" <AB<150°. (23)

The channel bend angle is calculated using the
optimal inlet flow angle, which, as reported in [10],
exceeds the inlet metal by 3°—6° (the measurement
system relates to the tangential direction)

P =PBim +(3-6)". (24)

Alongside empirical methods, CFD approaches
are widely used. RANS methods enable computation-
ally efficient simulations and provide acceptable
agreement with experimental data [12] — [14]. Despite
this, CFD currently remains a tool for validating the
performance of 3D geometries and for supplementing
or correcting the empirical correlations used in 1D/2D
aerodynamic analysis of turbomachinery flow paths.

This review demonstrates the diversity of meth-
ods and tools available to engineers. Of practical in-
terest is the assessment of the accuracy of results ob-
tained using the presented empirical correlations, as
well as CFD calculation systems through comparison
with experimental data.

The authors carried out such work and made a
comparison for the data of experiments, summarized
in the work [15].

The AXCFD™ module of the commercial Ax-
STREAMP software package [16] was selected as the
CFD tool. The correctness of the obtained results was
confirmed by performing validation, the results of
which are presented below.

2 AXCFD™ validation

CFD numerical modeling tools are widely used
in modern approaches to the design of high-
performance turbomachines. One of such tools is the
AXCFD™ goftware module of the commercial soft-
ware suite Softinway Inc. AXSTREAM® [16].

AxCFD™ enables automatic discretization of the
computational domain using a structured hexahedral
mesh. The mathematical framework of the program is
based on solving the RANS equations for simulating
the flow of a real viscous fluid, applying a two-
parameter turbulence model. Despite the fact that
AxCFD™ has been developed and used for over 20
years, there is limited public information regarding its
validation cases. In this work, the authors performed
such an assessment for the turbine cascade operating
in different flow regimes.

AxCFD™ validation was performed using the
results of experimental studies conducted on VKI
(VKI-Sieverding airfoil) profile. Different geometrical
variants of this profile have been tested by many sci-
entific organizations in experimental studies of the
turbomachine cascades aerodynamics carried out in
wind tunnels (GO — Goettingen, BS — Braunschweig,
OX — Oxford, RG — Rhode-St. Genese). As a result of

these studies, extensive information is available on the
characteristics of the profile, its geometry, with a de-
tailed description of the test conditions. This infor-
mation is summarized in [15].

During this work, the testing conditions of the
GO university were simulated.

To define the boundary conditions for the CFD
simulation, data from the graphs in paper [15], includ-
ing &, By, M1, M2, Re,, were digitized. Using the

known total temperature at the inlet t; , the inlet total

pressure pf and the static pressure p; at the outlet of

the computational domain were determined based on
ideal gas relations and by the following equations:

t,=t;, (25)
ty=— 2 (26)
1+——=M3
2
3
ty |2 trer +C
S| 2| S 28
Mo “ref[trefJ t,+C (28)
Re,u,
- , 29
P2 W,b (29)
P, =p,RtLy, (30)
_ k
_ 1 k1
(1+k21M§J
pL = Pp|1- = . @Y

To simulate the working fluid properties, the ide-
al gas model (air) was used. The k- SST turbulence
model was selected. The computational domain was a
flat cross-section with one cell along the height
(Fig. 5). The boundary layer thickness was selected to
ensure the parameter Y* < 1 in all simulated regimes.

During the study, the influence of mesh size on
the prediction of the exit flow angle from the cascade
(Fig. 6) and the kinetic energy losses (Fig. 7) was in-
vestigated. The analysis showed that grid independ-
ence for these two monitored parameters is achieved
at a mesh size of approximately 110,000 cells.

When comparing the results, a close match was
obtained for both the exit angle (Fig. 8) and Kinetic
energy losses (Fig. 9). The comparison was carried out
with subsonic and transonic flow regimes at the cas-
cade exit.

The conducted computational study showed that
the AXCFD™ software provides acceptable accuracy
for quantitative assessment as well as for capturing the
qualitative flow pattern.
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Fig. 5 — Computational mesh
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3 Evaluation of methods for predicting devia-
tion angle in planar turbine cascades

The comparison of the results obtained from the
given empirical correlations and CFD or the blade
profile data [15] was performed in two steps.

At the first step, a comparison was carried out for
the VKI profile operating mode close to the design
point. These results are described in detail in [15]. The
results are presented for each research organization.

It should be noted that the data for the VKI pro-
file cascades presented in Table 1 exhibit some differ-
ences in certain geometric parameters and, according-
ly, in the Reynolds number. The accuracy of the exper-
imental exit angle measurements is in the range of
0.06° —0.22°.

Table 2 shows a comparison of the regimes close
to the design mode. All data were calculated in ac-
cordance with the original methodology described
above and then converted into the deviation angle ref-
erenced to the gauging angle (1) and to the coordinate
system in which angles are measured from the tangen-
tial direction.

The closest match with the experiment was ob-
tained for Islam-Sjolander and the AXCFD™ results.

The highest deviation in results was obtained for
Carter-Hughes model. The deviation angle is overes-
timated by a substantial amount.

At the second step, a comparison of the methods
was carried out in terms of their ability to predict the
behavior of the deviation angle under off-design oper-
ating conditions, in this case with respect to the exit
Mach number (GO data).

The Carter-Hughes model was not considered at
the second phase, as its formulation does not allow

prediction of the deviation angle under off-design
conditions.

The approach used to calculate the boundary
conditions for these regimes is shown in Section 2 of
this article (formulas (25) — (31)).

The results of comparison are shown in Fig. 10.
According to the results, the closest match for devia-
tion angle behavior was obtained for CFD and Aungi-
er.

In the Islam-Sjolander model, a slight tendency
for the deviation angle to increase with increasing
Mach number is also observed due to variations in the
AVDR parameter. It should be noted that the variation
of this parameter in the tests is small (0.92 —0.98 for
GO [15]), and the cubic exponent applied to this pa-
rameter in equation (16) does not allow for capturing
such a level of deviation angle variation considering
wide range of Mach number.

The Zhu-Sjolander model is also relatively in-
sensitive to changes in operating conditions. This is
due to the lack of Mach number effects in the formula-
tion and the relatively small variation of the Reynolds
number in the tests (4-10° — 8-10° for GO).

The Shcheglyaev model shows low deviation and
only minor changes in the predicted results when the
cascade operating conditions vary. The loss coefficient
¢ for formula (17) was calculated in accordance with
the recommendations described in [10] (for the rotor
cascade, type B).

In general, all empirical models exhibit signifi-
cant deviations in predicting the deviation angle in the
region of Mach numbers below 0.6.

Table 1 — Accuracy of parameters measured in experiments [15]

Parameter RG GO BS (0,4
Chord, mm 32.6 60 100 100
Outlet flow angle in | &7 43 25 97) £ 0.15| 67.02 (22.98) £ 0.22 | 67.33 (22.67) £ 0.06 | 67.76 (22.24) £ 0.1

ax. (tan.) direction, deg

Gauging angle in

I 67.74 (22.27) £ 0.10 | 67.92 (22.08) £ 0.11 | 67.96 (22.04) + 0.03 | 67.96 (22.04) £ 0.03
ax. (tan.) direction, deg
Pitch, mm 23.15+0.04 42.58 £0.19 77.88 £0.10 77.88 +0.10
Stagger angle, deg 33.14 +0.09 33.56 £0.12 33.29 +0.03 33.29 +0.03
Loss coefficient 0.046 + 0.007 0.049 £ 0.001 0.039 + 0.003 0.040 £ 0.003
M, 0.933 = 0.006 0.957 +£0.003 0.828 = 0.003 0.932 £+ 0.004
* tan. — flow angle measured from the tangential direction; ax. — flow angles measured from the axial direction.
Table 2 — Deviation angle & for the regime close to the design point

Parameter Reference Equation RG GO BS OX
Experim. data [15] — 0.71 0.9 0.63 0.20
AXCFD - - 0.51 0.51 0.67 0.58
Aungier [1] (7) - (10) 0.02 0.01 0.20 0.02
Carter-Huges [6] (11) - (12) 8.18 8.63 8.25 8.25
Islam-Sjolander [2] (15) 1.04 1.00 0.61 0.40
Zhu-Sjolander [9] (16) 3.01 2.94 2.80 2.80
Shcheglyaev [10] (17) - (24) 0.09 0.13 0.01 0.06
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Fig. 10 — Deviation angle results comparison
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Results discussion

Based on the figures and table in Section 2, the
closest agreement is achieved using CFD methods,
both in terms of the absolute value of the deviation
angle and the trend of its variation with the exit Mach
number.

=~

Lo I Py
fl\ H ra

044 AR \\ -l- T 27

e | Z - )

g3 s Ve ’/14/ o

502 == 23
~ 2‘_4‘&-" — 0%

001 o =fnd =g 21

5: g ’ . P

25 30 35 0 B,

Fig. 11 — Exit flow angle B, and kinetic energy
losses Ly, depending on the inlet flow angle
for LIMMK cascade [17]:
---—1l,— - 1MMK

To verify the relationship between the considered
parameters, additional CFD simulations of three pla-
nar turbine cascades were performed: (Table 3): H2
[18], P2 [3], [18], [19] and a rotor blade profile
P9025B (designed initially to operate in transonic re-
gime, suitable for the 25° outlet flow angle (tan.) and
90° (tan.) of inlet flow angle).

The blade profiles were scaled and positioned to
ensure identical chord b, pitch s and throat opening o.

It should be noted that the Aungier model cor-
rectly predicts the trend of deviation angle variation
with M. In particular, it captures the weak variation to
M, < 0.5 and the minimum of deviation angle closer
to M, =1 region. In this regard, a promising direction
is the further refinement of the model under baseline
operating conditions:

— improving the prediction of the deviation angle
at M, = 0.5 with consideration of geometric and oper-
ating parameters of the turbine cascade;

— refining the minimum deviation angle value for
the cascade and identifying the corresponding regime
(M2, Rey, incidence angle) at which this minimum
occurs.

Analysis of the CFD results and experimental da-
ta for the VKI profile reveals a clear correlation be-
tween the trends of the kinetic energy loss coefficient
and the deviation angle (Fig. 8 and Fig. 9). The local
minimum and overall behavior of the deviation angle
closely correspond to those of the losses.

A similar relationship can be observed for the da-
ta presented in [17]. For the 1l profile and its modifi-
cation IMMK - the local minimum is located around
the minimum of profile loss (Fig. 11).

A similar trend is also observed in the graphs of
parameter distribution along the airfoil span. The vari-
ation of the exit angle follows the same tendency as
the losses (Fig. 12) [3].
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Fig. 12 — Exit flow angle B,y and kinetic energy
losses & distribution along the airfoil span [3]

The objective of this comparison was to eliminate the
influence By (0/s), which is commonly treated as a key
governing parameter in empirical correlations, and to
assess the extent to which the profile geometry itself
affects the deviation angle.

The inlet angle in the computational model was
set to ensure zero incidence, to avoid flow separation
and reduce the influence of unsteady effects on the
simulation results.
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The flow simulations were carried out under the
boundary conditions and operating regimes described
in Section 2.

Fig. 13 and Fig. 14 present the results for the de-
viation angle 34 and kinetic energy losses. It can be
seen that the location of the minimum loss and mini-
mum deviation angle is preserved for each profile
within the subsonic regime.

The trends of these parameters are generally con-
sistent with those predicted by Aungier’s correlations.
However, the values of the minimum deviation angle
and minimum losses differ for each profile and corre-
spond to different exit Mach numbers: for the P2 pro-
file, this regime is close to M, =0.8, while for the
other profiles it lies closer to M, = 0.9 — 0.92.

It is also worth noting that for regimes close to
the minimum deviation angle (M. =0.917), choking
does not occur (Fig. 15). This further confirms that M,
is not a direct indicator of the minimum deviation an-
gle.

From the standpoint of the influence of B4 on the
overall (pitch-averaged) deviation angle, the results
are consistent with literature data showing deviations
of approximately 1.0° for Bq = 20°. The figures indi-
cate that within the subsonic range M, =0.5-1.0,
which is typical for steam and gas turbine cascades,
the deviation angle varies from —0.3° to +1.2°. Despite
this seemingly small variation, it corresponds to a
flow rate prediction error of up to 5 % at p, = 68°.

CFD results also shows that the deviation angle
is influenced both by the profile geometry and by the
flow structure within the inter-blade channel.

On one hand, geometric parameters (at a fixed
Bg) clearly determine the trends of the exit angle. For
example, profiles with smaller metal outlet angles
(i.e., tangential dirction measurement system) tend to
exhibit smaller deviation angles and, consequently,
smaller exit flow angles.

On the other hand, the influence of the boundary
layer formed on both the pressure and suction sides of
the blade must be considered. The growth of the
boundary layer on the suction side, in particular, leads
to a shift of the main flow core toward larger exit
angles (tan.measure system).

In addition, a complex interaction is observed
between the main flow core and the trailing-edge
wake, which is formed both by the trailing edge itself
and by the accumulated boundary layer as the flow
leaves the blade surface.

The results of the literature review and the pre-
sent study demonstrate that predicting the deviation
angle is a complex, multifactorial problem requiring
consideration of a wide range of geometric and operat-
ing regimes.

Further research aimed to improve prediction ac-
curacy should account for the full spectrum of these
influencing factors.

Table 3 — Geometrical parameters of studied profiles

Parameter VKI (GO) [15] H2 [18] P2 [3], [18], [19] P9025B
be, mm 58.4 58.4 58.4 58.4
Bg, ax.(tan.)* deg 67.92 (22.08) 67.92 (22.08) 67.92 (22.08) 67.92 (22.08)
Bim, ax.(tan.) deg 26.20 (63.80) 17.80 (72.20) 58.40 (31.60) 9.20 (80.80)
Bam, ax.(tan.) deg 64.70 (25.30) 67.92 (22.08) 68.30 (21.70) 67.72 (22.28)
v, deg 33.2 37.2 12.0 47.4
e, MM 2.89 3.5 1.58 0.51
rte, MM 1.44 0.17 0.47 0.45

* tan. — flow angle measured from the tangential direction

; ax. — flow angles measured from the axial direction.
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Fig. 13 — Deviation angle depending Fig. 14 — Loss coefficient depending
on the exit Mach number on the exit Mach number
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Conclusions

The article presents a review of empirical corre-
lations for predicting the flow exit angle from turbine
cascades. The analysis of the considered methods
showed that their accuracy varies depending on how
geometric and operating regimes are considered.

A comparison was carried out between the re-
sults obtained using these methods and experimental
data for the VKI cascade profile, both at the design
point and off-design conditions.

The CFD analysis presented in the article
demonstrated the closest agreement with the experi-
mental data, indicating the feasibility of using CFD
simulations to refine existing empirical correlations or
to develop new ones. The results obtained using the
AXCFD™ software show good agreement both in
terms of the absolute values of the deviation angle and
the trend of its variation under off-design conditions.

Additional CFD simulations of three planar tur-
bine cascades with different profile geometries but the
same gauging angle showed that the profile geometry
has a noticeable impact on the flow exit angle, with
the deviation angle variation from —0.3° to +1.8° for
subsonic regimes.

Mach, -
1.230

1.165
1.101

1.036
0.971
0.906
0.842
0.777
0.712|
0.647
0.583
0.515
0.453
0.385
0.324
0.239

0.154
0.129
0.065
0.000

P9025B
Fig. 15 — Mach number distribution in cascades (M, = 0.917)

It is shown that the minimum losses and the min-
imum deviation angle are interrelated, as evidenced
both by literature data and by the performed CFD
simulations. Therefore, to accurately account for the
deviation angle and, consequently, the cascade flow
coefficient, it is necessary to consider variations in
boundary layer thickness within the cascade passage.
This indicates the need for further detailed investiga-
tions in this area to better understand all factors affect-
ing the deviation angle.

The results of the analysis of empirical correla-
tions for the deviation angle, along with the CFD sim-
ulations performed, can be used to improve engineer-
ing calculation methods, thereby enhancing the accu-
racy of turbine stage design.
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