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Abstract—A crucial step in the mathematical modeling of a
gas turbine engine is the characteristic map development of its
main components, the compressor and the turbine. Maps can
be obtained from manufacturers, although they are generally
not available to the user. Furthermore, the construction of
these maps through experiments is expensive. Analytical
models prove to be economically more advantageous.
Compared to other methods, they require little experimental
data to be validated. These models are based on physical
principles, so the results are more accurate compared to those
obtained through numerical simulations or the use of neural
networks. This approach allows more flexibility to make
changes to the performance characteristics of engine
components. These changes may be achieved by modifying
certain geometric measurements, this quality could be used in
diagnostic and/or engine control systems. In this work the
characteristic map of the SR-30 turbojet engine components is
analytically modeled. Geometric dimensions and properties of
the working fluid were taken as data. This is an one-
dimensional model in which it is analyzed the aerodynamics
and thermodynamics parameters in each station of the
centrifugal compressor and axial turbine. Design point
calculations are used to estimate the values of working fluid
parameters such as velocity, pressure, temperature, enthalpy,
and entropy function. Results of this work are compared with
those obtained by other authors. For greater reliability in
these results, an experimental validation is necessary.

Keywords — Turbojet engine; characteristic map; analytical
model; compressor; turbine

I INTRODUCTION

Turbomachinery component performance maps constitute
an essential input to the development of engine
performance models. Maps may be obtained from
experimental procedures, but this can result in an expensive
endeavor. Furthermore, experiments might not completely
describe the full range of interest, and the use of
extrapolationis required. Manufacturers usually
developproduct component characteristic maps but this
information is rarely distributed to customers. In addition
to experimental methods, there are other alternatives in

obtaining performance maps. Kurzke [1] used data from
published maps to reproduce component maps through
commercial programs such as Smooth_ C [2] and
Smooth_T [3]. Lazzaretto et al. [4] developed artificial
machine maps using generalized maps taken from literature
with appropriate scaling techniques. Results were
validated with test measurements from real plants. Many
authors have used neural networks approaches. Gustafson
el al. [5] obtained steady-state compressor performance
maps from correlations of transient compressor maps. The
learned correlations were expected to provide information
for predicting stall and surge inception. Yu et al. [6]
predicted an axial compressor's performance map based on
neural networks. Training was performed with
experimental results provided from manufacturers.
Ghorbanian et al. [7] used different types of neural
networks to simulate the performance maps of an axial
compressor; data was obtained from a compressor rig test.
Jiang et al. [8] developed an analytical model for the
centrifugal compressor based on first principles where
energy transfer is taken into consideration. The dynamic
performance including losses was determined from the
compressor geometry. In addition incident and friction
losses were modeled while the clearance, backward and
volute losses were considered constants for all off-design
conditions.Witkowski et al. [9] developed a one-
dimensional analysis for the SR-30 gas turbine components
used in education and research settings. Based on design
point performance, the flow through the radial compressor
and the one stage axial turbine was computed. The
corresponding initial conditions of the flow along with the
dimensions for each component were used. Losses were
estimated using Stodola's equation for slip factor
calculations. These calculations were only presented for a
design speed of 78000 rpm. Studies in developing the
component maps of a SR-30 turbine were performed by
various authors taking into consideration the design point
analysis developed by Witkowski et al. [9]. May et al. [11]
described a procedure to obtain the velocity triangles for
the characteristic maps of the SR-30 gas turbine. An
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iterative calculation in Excel was used, but the
mathematical analysis to achieve this goal was not
presented. Resulting maps were plotted using the Smooth-
C and Smooth-T commercial softwares. The model has
been used to monitor health operation of the engine. Based
on the mean-line analysis, Léonard et al. [10] developed
the compressor characteristic curves. The results were
stored in a line format to prevent numerical interpolation
problems. These authors did not use a map for the turbine,
instead, it was characterized using Stodola's ellipsis
equations. Compressor and turbine losses were considered
in the calculation of the velocity triangles. Oh et al. [11]
tested most of the loss models previously published in the
literature. They found an optimum set of empirical loss
models for a reliable performance prediction of centrifugal
compressors. May et al. [12] cites these loss correlations
for the calculation of the compressor map. In radial flow
machines, like centrifugal compressors, the angular
momentum imparted to the flow is reduced by a factor
known as the slip factor. von Backstrom [13] developed a
method that unifies the trusted centrifugal impeller slip
factor prediction methods of Busemann [14], Stodola [15],
Stanitz [16], Wiesnher [20], Eck [17] and Csanady (reported
by Dixon [18]) in one equation. This equation, which is
used in the present work, may be adjusted for specifically
constructed families to improve the accuracy of the
prediction.There is no compressor map or turbine map
available for the SR-30 turbojet engine that has been
validated using experimental data.

The present work develops an analytical model of the SR-
30's component maps. A one-dimensional approach is
applied to perform the calculation at the design point
performance. The final goal is to produce tabulated
functions that may be introduced into an engine model. In
addition, interpolation will be applied to obtain values of
the dependent parameters such as the referred mass flow
rate m, the pressure ratio PR and the efficiency #.

Il.  ANALYTICAL MODEL

In this section, the analytical model of the component maps
is described. The design point and off design performance
are conducted taking into account the limits of the engine
operation. Design point calculations are based on iterative
procedures. This consist on assuming a value of the axial
velocity component, then, performing the calculations
required to find the aero-thermodynamic properties of the
fluid and finally recalculating the assumed velocity.
Iteration is finished when the difference between the initial
guess and the calculated axial flow velocity is within the
imposed tolerance. As a result, the value obtained for the
remaining fluid parameters will be found. Compressor map
and turbine map models are described separately. The
properties of the working fluid in a gas turbine engine have
a powerful impact upon its performance. The working
fluid, which passes through the compressor, is assumed as
dry air and the working fluid that passes through the
turbine is assumed as the product of combustion; the
mixture of dry air and kerosene fuel. Water content due to
humidity is neglected. The correlations used for the fluid
properties were taken from Walsh et al. [19]. The equations

required to find the energy losses in the centrifugal
compressor was obtained from Oh et al. [11], and the loss
coefficients in the turbine, were taken from Dixon [18] and
Cohen et al. [20]. Moreover, the thermodynamic relations
used are derived from the Mollier diagram found in Dixon
[18].

A. Compressor Map

The SR-30 turbojet engine uses a centrifugal
compressor. The analysis for the flow through the
compressor is based in the one-dimensional steady flow
analysis, in which according to Dixon [18], the velocity
and density are regarded as uniform across each section of
a duct or passage. By continuity, the mass flow rate (M)
through the compressor is given by

M= pCuA =05 Coi Ay = PooCao Ao = P.CA, (1)

In equation (1), p, Csand A denote the air density, air

axial velocity and the cross-sectional area respectively. The
subscripts 1, 21, 2D and 2 denote stations corresponding to
the entrance to impeller, exit from impeller, entrance to
vaned diffuser and the exit from vaned diffuser,
respectively. These stations can be visualized in Fig. 1.

Figure 1. Nomenclature of stations used in the compressor

Compressor maps will be developed from data points
obtained from calculations of the performance parameters
such as: mass flow rate m, rotational speed N, pressure
ratio PR; and isentropic efficiency 7c. For this purpose,
velocity triangles are calculated initially at the design point.
At this point, the mass flow rate and the rotational speed
are m=0.297 kg/s and N = 78000 rpm, respectively. In
addition, the geometric data and input conditions published
by Witkowski et al. [9] are used.

The first wvelocity triangle, depicted in Fig.2, is
calculated at the impeller inlet. According to this triangle,
the relation between the velocity vectors is given by

U'

Vi

C.=C,

Figure 2. Velocity triangle at impeller inlet
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Vi=C -V, (2)

where Vi and C; are the relative and absolute velocity
of the air, respectively. The term U; denotes the impeller
eye velocity vector or tangential velocity vector. It is
assumed that the air enters the impeller eye in the axial

direction, i.e., C, =C,. The angle between the relative

velocity and the tangential velocity is B;=57°. At the
impeller inlet (known also as eye or inducer), the effective
diameter is defined according to

Dlz‘lo.s(Df+Df) 3)

where Dy is the diameter at the impeller eye tip and Dy is
the diameter at the impeller eye root. The annulus area of
impeller eye is

A= (D07 4)

The mean tangential speed at the inducer may be
calculated by

U, =7DN (5)

In addition, velocities at impeller eye tip (U=#D:N) and
at impeller eye root (U=nD/N) may be found. It is
important to check that the velocities at the impeller eye tip
should be less than the speed of sound (M«< 1) to avoid
breakdown of flow and excessive pressure loss. To
calculate the axial component of the absolute velocity Cas,
a trial and error process will be performed. Fig.3 shows the
iterative procedure followed to obtain the parameters at
compressor inlet or station 1, according to this flow
diagram, the density is calculated on the basis of the known
stagnation temperature and pressure. From the continuity
equation an initial estimate of the axial velocity Ca1 is
obtained. With this value and with the help of
thermodynamic relations from the Mollier diagram, the
density is recalculated, and the actual velocity is
determined from the continuity equation. If the assumed
and calculated velocities do not coincide, it is necessary to
iterate until convergence is reached.

(Initial)

[hla T Py

H To1, Por J

Inlet conditions

C,,(init)-C,;(check)
= Tol

Cala Pi> Tls P1

Figure 3. Flow diagram of the iterative procedure at the impeller inlet

Equations required to calculate Ca, are presented. The
static enthalpy h: may be obtained by

hy =hyy ’%Clz (6)

where h,, is obtained from a polynomial function

dependent on the temperature To1, i.e. hoi=fn(Toz). The
static pressure pz is given by

P
P s %

e R

Here, po: is the total pressure. The terms ¢o1 and ¢1 are
functions dependent on the temperature To: and Ty, i.e. ¢n
=fy (To1) and ¢1 =fy (T1). The air density may be calculated
from the equation of state for a perfect gas, thus

P

ART, ()

where R is the gas constant for the air and T; may be
found as a function of the enthalpy hi, i.e. T1 = i (hy).
Finally, the axial velocity Ca is given by

Ca=— (9)

Additional calculations are considered to obtain the
relative velocity Vi, v - Jcz—uyz and the absolute Mach

number’ Mlabs :CI/W.

The velocity triangle at the impeller tip is shown in
Fig.4.
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Cor Va

Cw21

Us |
Figure 4. Velocity triangle at impeller outlet

According to Fig. 4, the air leaves the impeller tip with
an absolute velocity Cy. This velocity has a tangential or
whirl component Cyz and a small radial component Cyz ,
they are related by

Cy =4/C,, +C, (20)

Under ideal conditions the whirl component will be
equal to the impeller tip speed U, . Due to the relative
eddies in the impeller blade passage the impeller exit flow
angle differs from the impeller exit blade angle; a measure
of deviation can be calculated using the concept of a slip
factor. There are many correlations predicitng the slip
factor. Von Backstrom [13] describes a method that unifies
the centrifugal impeller slip factor (c). The prediction
method of Dixon [18]), that uses one equation, will be
used. This equation is given by

o=1-

10y [ L o (1)

where F, is a correction constant corresponding to the
compressor. This value is adjusted to improve the
accuracy of the prediction. The blade angle at impeller exit
is denoted by B. The ratio given I/Se is known as the blade
row solidity. The blade length | and blade spacing S. are
determined with 1 =(r,-r;)/cosp and S, =2x1,/n, - The

terms r; and r. are the radius of the blade leading edge and
blade trailing edge, respectively and the number of blades
is denoted by n,. The area at impeller exit, Az, and the blade
speed Uz are calculated with A, =zD, b, and u, =zp,N

respectively. The terms Dy and by are the impeller tip
diameter and the axial width at impeller exit respectively.
In terms of the slip factor and the blade tangential speed,
the whirl component of the absolute velocity Cuwx are
determined with

Cuzi =0Uy, (12)

Some designers consider the value of the radial
component Cy the same as the inlet axial velocity Ca
(Cohen et al.[20]), but, in the current model it is obtained
with an estimated value based on equation (10). The final
value of the radial component is determined following an

iteration procedure which is shown in Figure 5.

Co Cya=0Uy

(Guess)

Epozh Tozb Par1» TZI}@

A

intl> eulera

Aact

r21
(Check)

Coai(guess)-Cpy(check)

Mo, PRy,

(Calculated)

@rﬂa Poz1> Toar> P21> Tars Mans PRzD

Figure 5. Flow diagram of the iterative procedure at the impeller outlet

According to the diagram shown in Fig. 5, static and
stagnation pressures and temperatures have to be
determined. Thus, the total pressure poz is given by

13
Po2i = Poi PRy (13)

In equation (13), po1 is given as data and PRy is the
pressure ratio. Initially PRz is guessed and then calculated.
The stagnation temperature Tox may be obtained from a
correlation function of the stagnation enthalpy hea, i.e.

Toar = f; (hez ) - The enthalpy hoz is given by

hyyre —
hoay =hgy + OZI;ZI ° (14)

where hpn may be obtained from a correlation in
function of the stagnation temperature To; which is given as
data. The term 72 denotes the efficiency that is initially
guessed and finally calculated after some iterations. The
stagnation enthalpy at an isentropic process hozs is obtained
by the correlation function ny, = f (T,,). In the same

way, the temperature Tozs may be given by the correlation

function T, = f (f)- The term doas is an entropy

function obtained by the following expression

oars = %1+R|n[p02| J (15)

01

where the entropy function ¢ is obtained using the
correlation function ¢ = f, (T01)' The static temperature

Ta is given in terms of the static enthalpy hy with the
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correlation function 7, =f (n,). The enthalpy ha is
calculated with the expression

hy1 =gy *%C; (16)
The static pressure pz is given by

Pozi (17)

P21 = "ot
e R

here the entropy functions ¢o and ¢z are given in term
of the temperatures Tox and Tz respectively, i.e.

oot = T, (Tozr) and g4, —f,(T,).The density and the

radial component of absolute velocity are calculated using
Py = Py /(RT,) AN C, =mi/(py Ay ) TESPECtively. The Mach

numbers should be calculated to ensure that the flow does
not exceed the velocity of sound. The performance
parameters are also affected by losses that occur inside the
compressor. The correlations used for the compressor
losses were taken from Oh et al. [22] and Jiang et al. [8].
The pressure ratio and isentropic efficiency may be given

by

v/(v-1)

PR, = HN‘“'Z—TZN“}H] (18)
p ol

and

_ Aheuler ’ZAhnt
M2 = Ah, (19)

where, Aheyer is the ideal specific enthalpy change of the
working fluid which depends on the slip factor and the
tangential velocity of the blades at the impeller tip. Thus

Aheuler = GUZZI . The term X An, represents the summation

of all internal losses in the impeller such as incidence loss,
blade loading loss, skin friction loss and clearance loss,

thus Zah = Ah + Ahy o+ Ahg + Ah The actual specific

enthalpy denoted by Ahag, is the sum of the ideal specific
enthalpy change and the parasitic loss correlations
(Ahact=Aheyier+2Anys). The parasitic losses, 2Ahys, are
assumed to be the sum of the disc friction loss,
recirculation loss and the leakage loss, i.e. ZAhys= Ahgr +
Ahpe +4hy.

The velocity triangle at the vaned diffuser inlet is
depicted in Fig. 6.

CWZD

Cr2D

Figure 6. Velocity triangle at the vaned diffuser inlet

In Fig. 6, only the absolute velocity Cxp and its
components are present. The relative velocity vanishes
because there is no moving element. To determine the
whirl component Cwzp of Czp, the conservation of the
angular momentum within the vaneless diffuser can be
assumed, i.e. Cwp o = Cuwa ra . Thus, the whirl
component of the velocity is given by

C
Cuop = - (20)

r2D

The area and absolute velocity are obtained from Axp =
27rp by and c,, - /Cfm +C2, respectively. The iterative

procedure performed here is similar to that followed at the
impeller exit. No further energy is supplied to the air after
it leaves the impeller, so that neglecting the
effect of friction, the angular momentum must be constant
(Cohen et al. [20]). The above implies that no work is done
in the vaneless diffuser and the process is adiabatic. Thus,
the following relation is obtained

Noar = Nosp (21)

The pressure ratio and isentropic efficiency is calculated
in the same way as in the last stage. Although here, Ahiq is
substituted by Ahintyo Which correspond to the losses in the
impeller and the vaneless diffuser, as follows: Ahinvo =
Ahiny +A4hyig.

Finally, calculations of the velocity triangle at the
diffuser output are performed. Here, the whirl component
of the velocity, is found using conservation of angular
momentum, which yields Cyz = Cwap r2p/ r2. The area and
the absolute velocity (magnitude) are A2 = 2z r2 b, and

CZ:chercvjz respectively. The iterative procedure to

obtain the velocities and the thermodynamic states are
similar to the previous stations. Assumptions done for the
station of vaneless diffuser may be applied for the vaned
diffuser, thus hgzp = hoz. In the calculations of the pressure
ratio and the isentropic efficiency, the losses through the
entire compressor stage (i.e., impeller, vaneless diffuser
and vaned diffuser) have to be considered. These losses
denoted by  dhiwr  may be  obtained by
Ahinr=Ahinvo+dhip+4hsip, where Ahinvp  represents the
internal losses in the impeller and vaneless diffuser, Ahip is
the incidence loss in the diffuser, and 4hgp is the skin
friction loss in the diffuser.

The velocity triangles corresponding to the off-design
performance are constructed taking into account the mass
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flow rate and rotational speed in the range of
m=0-0.5 kg/s and N =50000-90000rpm, respectively. In
the off-design calculations it is assumed that the absolute
inlet velocity remains axial and the design point value of
the slip factor was constant for all off-design conditions.

B. Turbine Map

The SR-30 is a single stage axial turbine composed of
one row of nozzles and one rotor. Figure 7 shows the
nomenclature of the stages employed in the calculations; N
refers to the nozzle and R the rotor.

3 AN 4

Annulus
area A

Figure 7. Nomenclature of stations used for the turbine

Ainley and Mathieson correlations [18] were used to
calculate the energy losses. These estimated losses will be
useful in obtaining characteristic parameters such as the
mass flow rate m, the rotational speed N, the pressure ratio
PR: and the efficiency 7. The operating conditions used in
establishing the design point velocity triangles were:
m = 0.3 kg/s and N=78000rpm. A mean annulus diameter
is assumed in the calculations. This approach is valid when
the ratio of the tip radius r; to the root radius r, is low (ri/rr
= 1:38). The turbine considered in this work meets this low
aspect ratio. Moreover, we can consider the mean diameter
equal in all stations because the difference between the
station mean diameters are negligible. Thus, the effective

mean diameter may be given by D, = /o.s(of +D‘2) . With the

effective diameter and the rotational speed, the mean blade
speed is U = zDnN. The mean annulus area is calculated
by a,=x(p2-D2)/4-

Geometric dimensions and inlet conditions were
extracted from Witkowski et al. [9]. By using the geometric
measurements of the turbine, a tip clearance of 0.54mm
was obtained. It is assumed that the stator blades have the
same shape as the rotor blades. The fluid through the
turbine is the air-fuel combustion products.

Fig. 8 depicts the velocity configurations at each station
in this turbine. In a single-stage turbine the velocity at
turbine inlet Cs will be axial (Cohen et al. [20]), thus, C; =
Cas (Cas is the axial component of the velocity at turbine
inlet or station 3). The value of this velocity will be taken
as constant for all off-design conditions.

T Rotor blades

Cwﬂ

Nozzle blades

Figure 8. Velocity diagram of the axial turbine stage

Fig.9 shows the iterative procedure to calculate Cas.
This procedure is similar to the calculations made at
compressor inlet.

(Initial)

[ T3, Ps HT%, pos]

Inlet conditions

CaB
(Check)

C,(init)-C,3(check)

Cafb Ps, TS! P3
Figure 9. Flow diagram of the iterative procedure at the nozzle inlet

Initially, the velocity Cas is guessed. Then, the static
temperature is found using a correlation in terms of the

static enthalpy hs, i.e.T3:fT (ha)' The enthalpy hsz is
obtained by

1.
h3 = h03 -ECS (22)

where: hos = fa(Tos, FAR) and FAR is the fuel-air ratio. The
static pressure is obtained using

IJERTV 101 SO30090

www.ijert.org 160

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)


www.ijert.org
www.ijert.org
www.ijert.org

Published by :
http://lwww.ijert.org

International Journal of Engineering Research & Technology (IJERT)

I SSN: 2278-0181
Vol. 10 I'ssue 03, March-2021

Ps =g (23)

where ¢os=fs(Tos) and ¢s=fy(T3). Similarly to previous
cases, the density is calculated with ps=ps/(RTs). From the
continuity equation, the axial velocity Cas is calculated by
Coo =M/ (pyd,, ) Finally, the corresponding mach number

isdetermined using M__ = Cy/\/RT; -

Fig. 8 shows the velocity triangle at the nozzle outlet or
station 4N. It is assumed that the nozzle angle (oun) and the
angular momentum at outlet remains constant. Therefore,
for all off-design conditions the deviation of flow across
the nozzle remains constant, thus oun=constant. As a
result, the relationship between the whirl component Cyan
and the axial component Can (notation shown in Fig.8)
will be constant according to the relation.

a =tant (CW“N]
" Caan (24)

Since no work is done (adiabatic process) by the gas in the
nozzle, the stagnation enthalpy must be constant over the
annulus at the outlet. Thus, hean = hes. Fig.10 shows the
flow chart used for the iterative procedure to obtain the
axial component of the absolute velocity Caan.

,_.l Can [ Y ]
(Guess) (Constant)
J

A
(Constant)

PaN

C:414N
(Check)

Can(guess)-Cqn(check)

(C4N, paN, T4N )

Figure 10. Flow diagram of the iterative procedure at the nozzle outlet

According to this flowchart, the absolute velocity Casn
is guessed. Using this value and the angle owun, the velocity
component Cwn is obtained (Cwan=Casntanoun). The

absolute velocity Can is given by ¢, :JC:AN +c2,, - The

static temperature Ty is found in term of the enthalpy, i.e.
Tun = f (hyy) - The static enthalpy hay is given by

h4N = h04N *%CEN (25)

The static pressure may be calculated by

P
Pan = i (26)

e R

Where, ¢ =1, (T FAR): gy = f, (Tons: FAR) s and
Tuns = Tr (N, FAR) - The enthalpy under isentropic process

4Ns

hans is found using

c?
Pans = Nan ’}‘N % (27)

where the total loss coefficient in the nozzle is denoted by
An. Neglecting the effect of friction, the critical pressure
ratio is

Y

Pos _ (ujﬁ
P\ 2 (28)

If Pos/Pan<Pos/Pc, then the nozzle is not choked, otherwise,
it is chocked. The density psn and the axial flow velocity
Ca4N are as follow p4N:p4N/(RT4N)

andC,, =/ ()4, ). The absolute velocity and
relative flow angle are v _c -u )2+c2 and
4N WaN 4

a4N
Ban=tan™[(Cuwan-Us)/Caan].

The velocity triangle at rotor outlet or station 4 is depicted
in Fig. 8. The flow diagram of the iterative procedure at
this station is presented in Fig. 11.

Cu=Cy
(Guess)

4
(Constant)}

(Constant)

PR,
(Constant)

[C4, V4, Pos> Tos» P4> T4, PRy, WD

Figure 11. Flow diagram of the iterative procedure at the rotor outlet
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According to this diagram, the exit angle 3, is constant
and it is calculated from the equations recommended by
Ainley and Mathieson (Dixon [18]), thus

~1(6) 4s
Ba = —11.5+1.154cos 1(} 29)
S e

In equation (29), 0 is the throat width, s is the pitch and e is
the mean radius of curvature of the blade suction surface.
Equation (29) is for low outlet Mach numbers, i.e. 0 <
Ms<0.5. If wm,>1 the angle B is calculated using

Ba= cos‘l(e/s). More details about this angle can be found

in Dixon [18]. Initially, the axial component of the absolute
velocity Cas is guessed using the equality Cas=Caan. The
whirl component of the absolute velocity Cws may be
evaluated by

Cys =CagtanB, —U, (30)

The absolute and relative velocity can be found similarly as
in the other stations. The static temperature is found by the

correlation T, = f_ (hy,FAR) . The static enthalpy hy is given
by

CZ
hy = hy, -+ (31)
2
where hgs is calculated by
2U Caa
hy, =hgy —UC, 4 (mnan Ban _C:m tan [34) (32)

In equation (32), the stagnation enthalpy hos is obtained by
hys = T, (Toa. FAR) .Using the stagnation enthalpy hos, the

stagnation temperature is computed with T, - £ (Tou FAR) -
The stagnation pressure is found from

Pos
Pos = a (33)

where PR; is the total pressure ratio which is guessed
initially and then calculated by PR=(¢o3-¢osss)/R . The
entropy function ¢os is obtained using ¢, = f¢ (Tos:FAR) .
The stagnation entropy function ¢osss IS given by
Bhass = Gy + R In(p04/ p4). The static entropy function dass

is obtained from the correlation ¢, = f, (Tass.FAR)

where the static temperature Tass is calculated using the
correlation T, = f_(h FAR). The static enthalpy has is

given by hass=hus-(T4/Tan)(han-hans). The static isentropic
enthalpy has is found using

(34)

where Ar is the total loss coefficient in the turbine
rotor. The static pressure pswas calculated with

Pos
b= (35)

e R

here ¢, = f, (Toa FAR) and ¢, = f, (T4, FAR) - The isentropic

efficiency is determined using

h03 ’h04

- h03 - h04ss (36)

N

The density and the axial velocity component are
calculated using equations similar to the previous cases. In
addition, the mach number Ms; may be found by

M, :V4/1[;/RT4 . After doing the design point performance

analysis, the off-design performance is obtained varying
the speed and the mass flow rate. The speed was varied
from 50000rpm to 90000rpm and the mass flow rate was
varied until the design value was reached (0.3kg/s). The
deviation of flow across the nozzle is assumed as constant
at all off-design conditions. Because aun iS constant the
losses across the nozzle remain constant for all off-design
conditions.

I1l. RESULTS
A. Compressor Map

Results of pressure, temperature, absolute velocity and
Mach number in the behavior of the design point are shown
in Table I. The values presented here correspond to each
station in the compressor. The analysis was generated
under the rotational speed of 78000rpm with a mass flow
rate of 0.297kg/s. The abbreviation, PW, means present
work. The table shows that the highest stagnation pressure
is reached at the impeller outlet (Po = 323kPa).Thepressure
at the diffuser outlet is higher than the impeller inlet due to
irreversibility. The compression work done by the impeller
is accompanied by an increase in temperature, thus, the
stagnation temperature at the impeller outlet is 446K. This
temperature remains constant through the diffuser. Static
pressure and static temperature gradually increase through
the compressor. Thus, its maximum values are reached at
the diffuser outlet, these are: 249kPa and 429K. The Mach
number corresponding to the absolute velocity is
maximum, and less than one, at the impeller outlet.
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Table I. Design pointperformance for the compressor

. Impeller Diffuser \_/aned
Impeller inlet . diffuser
outlet inlet outlet
Parameter 1 o °D >
Ref. Ref. Ref. Ref.

9] PW 9] PW 9] PW 9] PW
Py (kPa) 100 100 323 | 323 | 319 | 307 | 269 | 287
To (K) 300 300 445 | 446 | 445 | 446 | 445 | 446
P (kPa) 93.6 | 93.6 167 | 183 | 200 | 191 | 269 | 249
T (K) 294 | 2944 | 379 | 380 | 390 | 390 | 430 | 429
C (m/s) 106 | 106.3 | 366 | 366 | 335 | 337 | 176 | 188
Mabs 031 ] 031 | 087 | 094 | 0.86 | 0.85 | 042 | 0.45

The results obtained correlate well with Witkowski et
al.[9]. Calculations at impeller inlet, 1, are practically the
same as those presented in [9]. Result differences in
locations 21, 2D, 2 are due to the correlations considered in
the present work. The highest percent difference,
corresponding to the static pressure at the impeller outlet,
obtained when compared to [9] was 9.6%. This is most
likely due to the difference in the energy loss and slip
factor calculations. In the present work, correction factors
were used in the energy loss calculations. The slip factor
formula used in the present work was different from that
used in Witkowskiet al. [9]. Furthermore, the coefficient Fo
of the slip factor used was adjusted to obtain an appropriate
value.

By varying the mass flow rate (0-0.55 kg/s) and the
rotational speed (50,000 rpm - 90,000 rpm), the off-design
performance was obtained. Fig. 12 shows the effect of
variation of mass flow and rotational speed on the pressure
ratio.
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Figure 12. Compressor map: Pressure ratio vs mass flow rate

Solid curve lines shown in Fig. 12 are the rotational
speed, these are indicated by dimensionless values that
vary from 0.64 (50,0000 rpm) to 1.15 (90,000 rpm). These
speed lines are obtained by joining pairs of points formed
by the pressure ratio and the mass flow rate. The ends of
each speed line coincide with the minimum and maximum
mass flow rate. Joining imaginarily the minimum mass
flow of each speed line it is obtained the surge line, this
line is nearly at the left of the maximum efficiency line.
Surging is associated with a sudden drop in delivery
pressure, and with violent aerodynamic pulsation which is

transmitted throughout the whole machine. The line joining
the maximum mass flow points for each rotational speed is
called the choking line, that is, no further increase in mass
flow is possible beyond this line.

Figure 13 shows the effect of variation of the rotational
speed and the mass flow rate on the isentropic efficiency.
Curved lines represent the rotational speed, indicated by
dimensionless values. Speed lines values are the same as in
Fig. 12. The operating point of maximum efficiency on
each speed line is approximately the same. Ideally, the
compressor should run on the curve connecting these
points.
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Figure 13. Compressor: Efficiency vs mass flow rate

In Fig. 12, eleven dashed lines intersect the speed lines
at a single point, these are called beta lines. Information on
mass flow, pressure ratio and efficiency is extracted from
each of these points. This information is taken in tabular
form, like Tables II, 1Il and IV. These tables may be
introduced in a SR-30 turbojet engine model, this
procedure is presented in another work. Values of mass
flow rate, pressure ratio and isentropic efficiency of the
compressor are shown in tables 11, I1l and 1V, respectively.
The first column of these tables shows the enumeration of
beta lines. In the second row of each table, the percentage
values of the compressor rotational speeds are shown.

Table Il. Tabulated values of the compressor mass flow rate.

IJERTV 101 SO30090

Rotational speed, N (%)
B 64 69 74 79 85 90 95 100 105 110 115
0 011 012 014 016 018 019 021 023 025 026 028
1 012 013 015 017 019 021 023 025 027 029 031
2 013 015 017 019 021 023 025 027 029 031 033
3 015 017 019 021 023 025 028 030 032 034 036
4 017 019 021 023 026 028 030 032 035 037 039
5 019 021 024 026 028 031 033 035 038 040 042
6 022 024 027 029 031 034 036 038 040 043 045
7 026 028 030 032 034 036 039 041 043 045 047
8 030 032 034 035 037 039 041 043 045 047 049
9 033 035 037 038 040 042 044 045 047 049 050
10 | 037 038 040 041 043 044 046 047 049 050 052
Table I11. Tabulated values of the compressor pressure ratio
Rotational speed, N (%)
P 64 69 74 79 85 20 95 100 105 110 115
0 168 168 168 167 166 163 160 156 150 144 137
1 181 182 18 181 180 177 173 168 162 155 146
2 198 199 199 197 195 192 18 18 174 165 155
3 216 217 217 216 214 210 205 198 190 179 166
4 237 238 238 237 234 230 224 216 206 193 178
5 262 263 262 260 257 252 245 237 225 211 193
6 290 290 289 287 283 277 270 260 246 230 209
7 321 321 319 317 312 306 298 28 275 257 227
8 356 355 353 350 345 339 330 320 307 28 240
9 395 394 391 38 383 377 369 359 342 305 251
10 | 438 437 434 430 426 419 411 396 367 319 265
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Table V. Tabulated compressor efficiency values.

Bow~wourwnrR Ol =

Rotational speed, N (%)

64 69 74 79 85 90 95 100 105 110 115
75.5 7.7 78.5 78.2 76.9 74.6 713 67.0 61.5 54.7 0.46
75.4 7.7 78.7 78.6 715 75.5 72.5 68.5 63.3 56.7 0.49
76.2 781 79.0 788 7.7 75.7 728 68.9 63.8 57.3 0.49
76.4 783 79.1 79.0 781 76.2 735 69.8 64.9 58.6 051
77.9 79.6 79.3 79.2 78.3 76.5 74.0 70.3 65.6 59.4 0.53
77.6 79.0 79.5 79.3 78.3 76.7 74.2 70.8 66.3 60.4 0.53
78.3 793 79.6 793 783 76.7 744 71.2 66.8 61.1 0.53
79.0 795 79.6 79.2 783 76.8 748 721 685 63.5 0.54
79.4 79.6 79.5 79.0 78.1 76.9 75.1 729 70.0 64.9 0.53
79.5 79.5 79.3 79.0 78.2 77.2 75.9 74.0 70.7 63.2 0.51
79.3 79.3 79.1 78.8 78.2 713 76.1 738 70.0 60.2 0.49

Figure 14 compares the results obtained in the present
work with those presented by May et al. [12]. The last one,
indicated in the legend as paper. Three speed lines of the
compression ratio versus mass flow rate graph were
compared. The dimensionless values of these rotational
speeds are 0.7 (54,000 rpm), 1 (78,000 rpm), and 1.1
(90,000 rpm). Results show a better match as speed
increases. In the present work, when the compressor
operates near the lowest rotational speed, the choking point
is reached with a lower mass flow rate. As speed increases,
results of speed lines between the two works match better.

Pressure ratio

0 0.1 0.2 0.3 0.4 0.5
Mass flow rate, kg/s

Figure 14. Comparison of results for the compressor map.

B. Turbine Map

Table V shows comparative results between the present
work, indicated by PW, and those presented by Witkowski
et al. [9], indicated as Ref. [9]. Results are obtained in the
design-point performance, that is, at a rotational speed of
78,000 rpm and a mass flow rate of 0.3 kg/s. As shown in
the table, static and stagnation pressure decrease across
each turbine location. The temperature is highest at the
stator inlet. At this location, in the present work, the
stagnation temperature is 973K while the static temperature
is 967K. The Mach number reaches its maximum value at
the stator output, this value is less than 1 (near the transonic
region, M=1) in both results. If M=1,choking will occur.
Both results match closely at locations 3 and 4N. It was
evidenced that Witkowski et al. [9] has a mistake in the
results of static pressure and static temperature, at location

3. A great difference between both results is observed in
the absolute and relative velocities, at location 4. This may
be due to the tip clearance value used to calculate the tip
clearance loss. In the present work a value of 0.54 mm was
used, this value was obtained by measurement carried out
in the compressor of the experimental module. In
Witkowski et al. [9] a value of 2.44 mm was used.

Table V. Design point performance for the turbine

Stator inlet Stator outlet Rotor outlet
Parameter 8 4N 4

Ref. PW Ref. PW Ref. PW

[ [9] [9]
Py (kPa) 250 250 234 229 120 120
To (K) 973 973 973 973 841 855
P (kPa) 94 244 128 128 115 106
T (K) 294 967 834 841 832 827
C (m/s) 114 114 557 550 141 250
Mans 0.19 0.19 0.98 0.97 0.25 0.37

Off-design performance results are shown in Figures 15
and 16. Figure 15 shows the isentropic efficiency and mass
flow rate against the work parameter, DH/T = (hs - h3)/Ts.
In Fig. 15, each line represents the rotational speed. Colors
identify the value of each of these speeds. As the speed
increases, the maximum efficiency is reached at a higher
value of the working parameter. For each speed, the
efficiency remains approximately constant above a certain
value of the working parameter. This behavior is due to the
fact that the loss coefficients have a small variation in a
wide range of incidence. Furthermore, this approximately
constant efficiency is greater as the rotational speed
increases.
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Figure 155. Isentropic efficiency against work parameter.

In Fig. 16 it is observed that for each line of rotational
speed, the maximum mass flow increases as the working
parameter increases. An increase in mass flow occurs until
choking conditions are reached. For all speed lines,
choking occurs at the same mass flow rate and at a value of
the working parameter greater than 100J-kg/K.
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In Fig. 17, results of the present work were compared
with those presented by May et al. [12], the latter named in
the legend as paper.For this comparison, the relationship
between mass flow rate and compression ratio was used. In
this relationship, graphs of speed lines corresponding to
78,000 rpm are shown. The solid blue line is the one
obtained in the present work while the red dashed line is
the one obtained in May et al. Graphics are similar only in
shape.The difference in the numerical values between both
graphs is great. This is due to the fact that the maximum
flow taken into account in May et al. [12] is close to 0.22
kg/s, while in this work 0.3 kg/s was considered. The value
of 0.3 kg/s is more reasonable, since it represents the
combustion mass flow that would be the sum of the air
mass flow coming from the compressor plus the fuel mass
flow entering the combustion chamber.
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Figure 177. Comparison of results for the turbine map.

Tabulated values of mass flow rate and isentropic
efficiency of the turbine are shown in tables VI and VII,
respectively. The first column of these tables shows the
values of the working parameter (DH/T or simply DHT).
The second row of each table shows the percentage values
of the rotational speeds of the turbine, these values are the
same as for the compressor.

150

Table VI. Tabulated values of the turbine mass flow rate.

onT Rotational speed, N (%)

64 69 74 79 85 90 95 100 105 110 115
10 | 017 018 019 019 020 021 022 022 023 024 024
25 | 021 022 022 022 023 023 024 024 025 025 026
40 | 024 025 025 025 025 025 026 026 027 027 027
55 | 027 027 027 027 027 027 027 028 028 028 028
70 | 029 029 029 028 028 028 029 029 029 029 029
85 | 030 030 030 029 029 029 029 029 029 030 030
100 | 030 030 030 030 030 030 030 030 030 030 030
115 | 030 030 030 030 030 030 030 030 030 030 030
130 | 030 030 030 030 030 030 030 030 030 030 030
140 | 030 030 030 030 030 030 030 030 030 030 030
150 | 030 030 030 030 030 030 030 030 030 030 030

Table VII. Tabulated values of the turbine efficiency.
Rotational speed, N (%)

DHT

64 69 74 79 85 90 95 100 105 110 115
10 | 744 728 711 692 673 654 634 614 595 575 056
25 | 783 784 782 778 772 758 757 748 739 728 072
4 | 765 774 780 783 784 782 782 780 775 770 076
55 | 736 752 763 772 778 784 784 785 785 784 078
70 | 706 726 742 754 764 777 717 781 784 786 079
85 | 675 699 719 735 748 767 767 77.3 7718 782 078
100 | 644 672 694 7L4 730 754 753 762 769 775 078
115 | 623 644 670 692 711 740 740 750 758 766 077
130 | 623 643 661 677 692 724 724 737 747 756 076
140 | 623 643 661 67.7 692 7L7 7.7 728 740 750 076
150 | 623 643 661 677 692 7L7 717 728 738 747 075

IV. CONCLUSION

In this work, a one-dimensional analytical model of the
compressor and turbine maps was made. The unified slip
factor formula recommended by von Backstrom [13] was
used. This formula was used in obtaining the whirl
component of the absolute flow velocity at the outlet of the
compressor impeller. In the compressor map calculations,
the internal and parasitic loss correlations selected by Oh et
al. [22] were used. In both maps calculations, iteration
loops were used to find the axial component of the absolute
flow velocity. Many equations were obtained from the
Mollier diagram of the corresponding component. Finally,
tabulated forms of the compressor and turbine maps were
obtained. The results of the design point calculations for
each component were compared with that presented by
Witkowski et al. [9], a significant match was observed.
Off-design performance results were compared with those
obtained by May et al. [12]. These match well in the case
of the compressor, turbine results showed similar behavior
with a significant numerical values differing. This is most
likely due to fact that May et al. [12] used a maximum flow
rate of 0.22 kg/s while the calculation performed used a
value of 0.3 kg/s. This value represents the combustion
mass flow which would be the sum of both the air mass
flow and the fuel mass flow entering the combustion
chamber.

In order to further improve the modeling of the
component maps, the validation should be developed by
using experimental data or with maps obtained from
manufacturers. In addition as built construction details
should be used when ever available.
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