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Abstract

The conceptua design tools for axial flow gas turbines were developed using mean-line analysis
and meridional flow analysis methods. And it is validated by comparing with the turbomachinery
design data of MPBR designed by the industry design tool. The conceptual design tools have ability to
produce design point performance within the range of + 1% error comparing with the reference. It
turns out that the high-pressure compressor and the high-pressure turbine consist of 8 stages and 4
stages. The analysis of the off-design of gas turbines show that constant speed lines are not steep as the
mass flow increases mainly due to the high sonic velocity of helium and low flow coefficient, and the
efficiency of the high-pressure is relatively constant over the wide range of pressure ratio. The results
of the scaling analysis with 1/2 scale-down gas turbines indicate that the effects of the non-
dimensional mass flow and the non-dimensional speed are stronger than the effect of the Reynolds

number in subsonic flow regime.
1. Introduction

Gas turbines are generally considered as power conversion system for gas-cooled reactors, and the
design of gas turbines needs highly advanced technology and much experience. The development of
gas-cooled reactor system is being carried out in severa countries for its benefits in performance and
design simplicity, and so on. The closed cycle is under consideration for the energy-conversion
process because of using the nuclear heat sources and the helium gas as a working fluid. Additionally
the closed cycle has benefit to use a high pressure throughout the system, thus the size of
turbomachinery can be reduced for a given power. In comparison with air the specific heat of helium is
high, thus the gas turbine requires more stages to achieve the given temperature ratio. In spite of



heliunt s low density, the diameters of gas turbine may not be much larger because the sonic velocity
is high and the cycle pressure ratios are lowered. Accordingly, the gas turbines have small diameters
but have many stages in the helium-cooled reactors. And they are operated at high pressure but with a
relatively low pressure ratios as mentioned above. Therefore it is necessary to distinguish the gas
turbines of the helium-cooled reactors from the typical industrial gas turbines.

The reference design of the gas turbines is adopted from the MIT MPBR project with the 120 MWe
power output range. Figure 1.1 shows the MIT schematic diagram. The high-pressure section consists
of a high-pressure turbine (HPT) driving a high-pressure compressor (HPC) and a medium-pressure
compressor 2 (MPC2) at 8,000 rpm. In the same way, the low-pressure section consists of a low-
pressure turbine (LPT) driving a medium-pressure compressor 1 (MPC1) and a low-pressure
compressor (LPC) a 8,000 rpm. Both of high-pressure turbine and the low-pressure turbine have 52.8
MW output power with 92% polytropic efficiency. And the high-pressure compressor and medium-
pressure compressor 2, the medium-pressure compressor 1, and the low-pressure compressor 1 have
26.1 MW input power with 90% polytropic efficiency. In the power section a power turbine running at
3,600 rpm is directly connected to the generator. In case of power turbine, the output power is 136.9
MW with 92% polytropic efficiency.
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Figure 1.1 The MPBR schematic of MIT




2. Theory of Axial Flow Gas Turbines

2.1 Basic Theory

From the Euler’s equation and velocity diagrams [1], the stagnation temperature rise in the
compressor stage, D7, is given by

DI, =Y tanb, - tanb,) 2.1)
P
Similarly, Euler’ s equation and the velocity diagrams in the turbine stage yield
W =mUC (tana, +tana,) =mUC (tanb, +tanb,) (2.2

Figures 2.1 and 2.2 show the cross-sectional view of the typical compressor and the turbine stages.
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Figure. 2.2 A typica axial flow turbine stage



2.2 Radial Equilibrium Equation for Compressors

From the radial equilibrium equation and the definition of the stagnation enthalpy, the variation of
enthalpy with radiusis given by the following equation:

h_ih ¢ 9 s
dr dr dr  dr

From the thermodynamic relation, Tds =dh- dp/r , ignoring second-order terms

— =7 — 4+ — (24)

Substitution for dh/dr in equation (2.2), combining with the equation (2.1), will reduce to

2
dh, ,ds _ . dC, , . dC, G,
dr dr todr dr r

For the compressor, if the frequently used design condition of constant specific work at al radii is

(2.5)

applied, then A, will increase through the compressor in the axia direction, its radial distribution

will remain uniform. Then equation (2.3) reduces to as follows.

2
c 95 +C, 9 G g (2.6)

“dr dr r

As the density varies from hub to tip at the exit from the stators and the axia velocity is constant,
integration over the annulus is necessary because of the continuity equation. Thus the following
equation is used for the mass flow rate:

m=2p szé r,rdr (2.7
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Figure 2.3 Radial equilibrium of fluid element



2.3 Meridional Flow Analysis for Turbines

The acceleration of afluid particle at point P in the g direction may be written by [2]

DV, -y’ ?
1 :—Vq—sin(f +a)+Vlsina +V, v, cosa (2.8)
Dt r 7. dm

And the pressure gradient and component of blade force in the q direction are given by

DV
- 1al—P+Fq =—1 (2.9
Ir dq Dt
Consequently, the gradient of meridional velocity in the g-direction is as follows:
1av? _an _as 1 d(rvy) i
Som="—.T—. — Y 2L F
2 dg dqg dg 2r dq (2.10)

The equation for the meridional velocity along the quasi-orthogonal line is solved in conjunction
with the continuity equation for the mass flow across the quasi-orthogonal line AB. The mass flow is
given by

m= (‘SZprr V. sina dg (2.11)
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Figure 2.4 Geometry on a quasi-orthogonal



2.3 Estimation of stage performance

There are four kinds of primary sources of losses for compressors, namely the profile loss, the end-
wall loss, the secondary loss, and the tip clearance loss. The loss models of Lieblein [3] and Koch
Smith [4] can be applied to estimate the compressor |osses.

For turbines, the overall blade loss account for the four kinds of friction loss sources, namely the
profile loss, the annulus loss, the secondary flow loss, and the tip clearance loss. The Ainley-
Mathieson, Dunham-Came [5] and Moustapha-Kacker [6], and Kacker-Okapuu [7] models can be
applied to estimate the turbine losses.

3. Results and Discussion
3.1 Design results of gas turbines
The high-pressure compressor and the high-pressure turbine are selected among the gas turbines
because they are the representative components operated in severe conditions. The high-

pressure compressor design data are summarized in Table 3.1. The low work coefficients were chosen
in order to reduce the length of outer diameters.

Table 3.1 Design data of high-pressure compressor

Data HP compressor
Number of stages 8
Mass flow rate (kg/s) 126.7
Rotational speed (rpm) 8000
Pressure ratio, 1.3201
Mean radius (m) 0.3810
First stage hub-to-tip ratio 0.8849
Last stage hub-to-tip ratio 0.9002
Average work coefficient 0.286
Mean flow coefficient 0.450
Shaft power (MW) 26.12
Total-to-total efficiency 90.21%




The comparison results of high-pressure compressor performance are summarized in Table 3.2.

Table 3.2 Performance comparison of high-pressure compressor

MIT spec. Results Error

IP .| 132013 1.3201 -0.002%

0 ,exit

T, il T, | 1.13096 1.131 0.004%

h,. 89.48% | 90.21% | 0.816%

w 26.1IMW | 26.12MW 0.077%

The meridiona plane of the high-pressure compressor is shown in Figure. 3.1. And the flow
properties are shown in Figures 3.2, 3.3, and 3.4. Figure 4.3 shows that the relative Mach number of
the high-pressure compressor is in the range of 0.14~0.33. The Mach number is relatively high at the
leading edge of the first stage rotor.
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Figure 3.1 Meridiona plane view of HPC Figure 3.2 Fluid density of HPC
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The high-pressure turbine design data are summarized in Table 3.3. Relatively high work coefficient
and low flow coefficient were chosen in order to reduce the number of stages.

Table 3.3 High-pressure turbine design data

Data HP turbine
Number of stages 4
Mass flow rate (kg/s) 126.7
Rotationa speed (rpm) 8000
Pressure ratio 1.24243
Mean radius (m) 0.3400
First stage hub-to-tip ratio 0.7574
Last stage hub-to-tip ratio 0.7336
Average work coefficient 1.280
Mean flow coefficient 0.709
Shaft power (MW) 52.493
Total-to-total efficiency 92.24%




The comparison results of high-pressure compressor performance are summarized in Table 3.4.

Table 3.4 Performance comparison of high-pressure turbine

MIT spec. Results Error
1 126.7kg/s | 126.383kg/s | -0.250%

> et | By o | 1.24224 1.24243 0.016%
T e | T, i | 1.07479 1.07457 -0.020%
h,, 92.24% 92.24% 0.000%
w 52.8MW | 52.493MW | -0.581%

The meridional plane of the high-pressure turbine is shown in Figure. 3.5. And the flow properties
are shown in Figures 3.6, 3.7, and 3.8. Figure 4.7 shows that the relative Mach number of the high-
pressure turbine is in the range of 0.07~0.23. The Mach number is relatively high at the trailing edge

of the fourth stage stator.
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3.2 Off-design performance

The compressor characteristics were estimated using the de Haller number criterion, defined as
V.1V, >0.72. Figure 3.9(a) shows the characteristic curves of the high-compressor expressed by
plotting the stagnation pressure ratio against the non-dimensional mass flow for fixed values of the
non-dimensiona speed. And Figure 3.9(b) shows the characteristic curves expressed by plotting total-
to-total stage efficiency against the non-dimensional mass flow for fixed values of the non-
dimensiona speed. Because of the relatively low flow coefficient, the constant rotational speed lines
are not very steep as the mass flow rate increases. The efficiency decreases rapidly as the mass flow
rate increases for fixed rotational speed.
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Figure 3.10(a) shows that the characteristic curves of the high-pressure turbine are plotted by the
non-dimensional mass flow against stagnation pressure ratio for various values of the non-dimensional
speed. Figure 3.10(b) shows the characteristic curves expressed by plotting total-to-total stage
efficiency against stagnation pressure ratio for various values of the non-dimensional speed. Because
of the relatively high work coefficient, the efficiency decreases as the stagnation pressure ratio
increases. The efficiency plot is relatively constant over a wide range of rotational speed and pressure
ratio.
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Figure. 3.10(a) HPT characteristics Figure. 3.10(b) HPT characteristics
3.3 Scaling Analysis

For geometrically similar machines with fixed gas conditions, taking non-dimensiona groups yields

P, ih:fa%‘ml ND NDZE

p,T,” &R0 T, 0

Consequently, the gas turbine specifications should be corrected as mentioned above to present the

(3.1)

performance relations. From the first group parameter condition for 1/2 scale gas turbines

(m)ll230ale =1 2(7’).’1)1:””_ scale ’ and (D)1/230a1e =1 \/E (D)Full- scale (32)
And from the second group parameter
N1/230a1e = \/ENFull- scale (33)

However the last group cannot be duplicated exactly because of the difference of geometrical
parameters:



aVD? 6 aVD? 6
8 = 1 8 - (3.9
n QI 2scale n a:ull- scale

Tables 3.7, 3.8, and 3.9 summarize the comparison results of 1/2 scaled high-pressure compressor,

high-pressure turbine, and power turbine, respectively.

Table 3.7 Comparison between full-scale and 1/2 scale HPC performance

HP Compressor Full-scale | 1/2 scale Error
P,IP, 1.3201 1.3201 0.000%
T,IT, 1.1310 1.1316 0.053%

90.21% 89.63% -0.643%

tt,c

Table 3.8 Comparison between full-scale and 1/2 scale HPT performance

HP Turbine Full-scale | 1/2 scale Error
P,/P, 1.24243 1.24241 -0.002%
T,IT, 1.07457 1.07459 -0.019%

h,, 92.24% 92.24% 0.000%

4. Conclusions

In the present work, the conceptual design of axia flow gas turbines was performed for helium:
cooled reactor. The specifications, the fluid properties through the turbomachines, the design point and
the off-design performance were obtained on the basis of the mean-line design and the meridional flow

analysis methods.
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The conceptua design tools are capable of predicting design point performance with the
range of £1% error compared with the reference.

In the off-design characteristic curve, constant speed lines are not steep as the mass flow
increases because the sonic velocity of helium is very high and low flow coefficient were
chosen. The efficiency of the high-pressure was relatively constant over the wide range of
pressure ratio.

The effect of the Reynolds number depends on the flow regime and it is significant to
determine losses due to the boundary layer. In the subsonic flow, however, the effect of the
Reynolds number is not large for 1/2 scale gas turbines and the scaling analysis indicates that
the performance results of the scale-down models are quite similar to the full-scale data. The
relative Mach number of the scaled gas turbine is below 0.34.

The overal results indicate that the helium gas turbine requires many stages for given
temperature ratio or pressure ratio, and higher rotational speed and higher work coefficient
can be chosen in order to bring the number of stages down because of the high sonic velocity
of helium.

Nomenclatures

blade force

guasi-orthogonal distance

radius of curvature

absolute velocity

relative velocity

angle between q direction and axial direction

pitch angle between m direction and axia direction
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