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1. SUMMARY

The present study was undertaken for the purpose of determining the
feasibility, establishing the required development program, and estimating
the cost of a turbocirculator to provide the pumping power for a 1000-Mw(e)
High-temperature Gas-cooled Reactor (HTGR) power plant as part of the
TARGET program. This necessitated preliminary design of the turbo-
circulator in conjunction with the reactor power plant as well as the investi-
gation of methods for the optimization of the turbocirculator and for its
development. The study was carried out in sufficient detail to fix the
methods required to resolve the problems that would be encountered during
the course of a prototype program resulting in a turbocirculator for the
TARGET power plant.

Methods were developed such that for a given set of reactor conditions,
the design point optimization of the turbocirculator components was accom-
plished. This involved, first, optimization of the thermodynamic cycle and,
second, design optimization of the compressor and turbine components. The
mechanical design and installation within the primary containment vessel
in the TARGET reactor plant were investigated, and a preliminary design
was established for the turbocirculator and its required accessory system.
In addition, an investigation of the stability and control problems of the
machine was initiated. The final goal of a prototype turbocirculator
imposed the requirement for a development program, which included the
preliminary design and cost estimate for a test facility for the full-scale
test and development of the machine.
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Z. INTRODUCTION

The turbocirculator, which consists of a compressor and turbine
operating on a Brayton cycle, is a means for pumping the coolant gas in

a gas-cooled reactor from which power is produced by steam in a Rankine
cycle. Since much higher gas temperatures than are usable in the steam

cycle are possible in the High-temperature Gas-cooled Reactor concept,
and since the energy degradation that occurs in this form of the Brayton
cycle is at a higher thermodynamic potential than in the subsequent
Rankine-cycle power conversion, the circulation of coolant gas may be
accomplished at no thermodynamic penalty to the power plant. Therefore,
no external energy is required to drive the circulators. Furthermore,
the possibility of increasing the pumping power to much greater -levels

than are possible with externally driven circulators without loss of efficiency
provides a potential for further optimization of the entire nuclear steam
supply system with attendant reduction in size and cost.

The incorporation of the turbocirculator with the other components
of the nuclear steam supply system within the primary pressure contain-
ment is facilitated by the fact that the working medium in both the compressor
and turbine elements is the primary coolant gas. This leads to integration
of the accessories with the turbocirculator within the pressure containment,
thereby allowing a more compact over-all design but imposing reliability
requirements on the components of the accessory system equal to those
obtainable from the circulator itself. This reliability is achieved by the
use of dynamic-type elements throughout the system in which wear is
minimal and is aided by the fact that absolute sealing of the primary coolant
gas within the turbocirculator is not required.

The preliminary design of a turbocirculator for the TARGET program

was undertaken to demonstrate its feasibility and to estimate the scope of

the program required to develop this concept into a machine that would be
operable in a reactor power plant.
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3. CONCLUSIONS

The use of a turbocirculator to provide the pumping power for the

coolant gas in a reactor power plant such as TARGET is feasible within

the present state of the art. Although a development program is recom-
mended, no major new methodology, data extrapolation, or improvement
in material properties is necessary to achieve the performance required
in this application of the Brayton cycle to the TARGET power plant. Since

the turbocirculator is entirely within the primary gas circuit, it requires
particular design and optimization in conjunction with the other components

of the nuclear steam supply so that all can be located in a single primary
containment vessel.

The turbocirculator provides pumping power by using heat at the
available reactor temperatures that are in excess of those usable in the
Rankine-cycle steam power conversion system and therefore results in
thermodynamic savings to the plant. This increases the thermal efficiency
of the plant and reduces the reactor heat and steam flow required for a
given plant output. The amount of energy that is conserved is a direct
function of the pumping power required. In high-thermal-efficiency plants
in which the pumping power is low (less than 1% to 2%), the savings would
be minimal, if any; in plants of lower thermal efficiency and/or higher
pumping powers, the savings can be substantial. However, the complexity
of the turbocirculator increases with higher pumping powers and results
in a more expensive machine. The area of application is therefore dependent
on the optimization of the entire nuclear power plant and would be con-
siderably broadened with higher pumping powers and/or lower thermal

efficiencies, which would offer further economic advantages to the plant.

The reference design for the TARGET power plant employs steam-
turbine-driven circulators. The decision was based on an evaluation
of the expected savings and the estimated cost of the turbocirculator and

its development program. The major portion of the development program
set forth in this study is based on consideration of the risks and economic

penalties that might be accrued from a long shakedown period of an advanced
reactor plant with a novel set of machinery that has not been operated at its
design conditions prior to plant construction. Both the risks and penalties
are a direct consequence of the large capital investment in the power plant

that has already been expended when the shakedown period begins.
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4. THERMODYNAMIC ANALYSIS

4. 1. TURBOCIRCULATOR

The Brayton cycle as applied in the turbocirculator to achieve the
coolant gas pumping requirements in a gas-cooled reactor is shown in
Fig. 1. The coolant gas is compressed adiabatically in the compressor
along 1-2; is heated in the reactor at constant pressure, 2-3; expands
adiabatically through the turbine, 3-4; and is cooled at constant pressure
in the steam generator, 4-1. Since the turbine inlet temperature is higher
than the compressor inlet temperature (it is apparent from Fig. 1 that
these are, respectively, the highest and the lowest gas temperatures in
the primary circuit) and the constant pressure lines diverge from each
other with increasing temperature in the temperature-entropy plane, the
turbine pressure ratio is less than the compressor pressure ratio for
compressor work equal to turbine work. This is the well-known fact of
the Brayton cycle, in which this excess of pressure can be used to expand
the gas to do work from which power may be generated. However, in the
turbocirculator this potential is used to overcome the frictional resistance
to flow in the primary circuit. In Fig. 1, this resistance would be the
losses in the heat transfer processes, 2-3 and 4-1.

The work done by the compressor is

WC Tl{L(-)]
wp-(

where W =

Cp =
T =

P =

subscript 1 =
subscript 2'=

In=c

helium mass flow,
specific heat at constant pressure,

temperature, R,

pressure, psi,
compressor inlet and steam generator exit,
compressor discharge and reactor inlet,
adiabatic compressor efficiency.

The turbine w ork is

wk turbine = WC (T3 - T4 )=WClT T3
p 3 4 pT3

4

(2)1 -

4

wk comip = W Cp(T2 - T 1) = (1)
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where subscript 3 = turbine inlet and reactor exit,
subscript 4 = turbine discharge and steam generator inlet,

T = adiabatic turbine efficiency.

Since there is no net power produced in the turbocirculator, turbine work
is equal to compressor work,

(3)

and, for convenience, the turbine pressure ratio may be replaced by the
following identity:

P P P P
3 231

4 1 24

where P3 /P 2 = pressure ratio loss in the reactor,
P /P = pressure ratio loss in the steam generator.

Using the identity of Eq. (3) in Eq. (4), and rearranging terms, results
in

(4)

T3

T 1
c'

1 T =
1

y-1/-y p-2y-1/y-

l2 21

pl P

(P)y 1/y

T

tj =11 T -',

1

Now, let

(5)

(6a)

(6b)

(6c)

P2

A = P

3

Sy-1/y

T2

1 P c1T 3 -1/ y '

p3

P4
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Substituting Eq. (6) in Eq. (5) results in

S(w)(w - 1)

(w - A)

and, rearranging terms,

A=8 ( - w + 1); (8)

adding -1 to both sides and factoring yields

A - 1 = (w - 1) (1 - . (9)

Equations (7) and (8) and their graphical representations (Figs. Z

and 3) show the interrelationship between the major elements which

determine the performance of the turbocirculator: 8, the temperature

ratio of the gas circuit modified by the turbine and compressor inefficiencies,

is the driving potential which causes the flow;A , the product of the pressure

losses expressed as pressure ratios, is the resistance to flow or load; w,

the work which must be done in each of the turbomachine components, is

the means through which the driving potential overcomes the flow resistance.

These equations are general and valid for all gases because the parameters

0, A , and w contain the specific heat ratio -y.

The thermodynamic cost of the turbocirculator is incurred from a

lowering of the mean gas temperature in the stream generator which does

not influence the thermal efficiency of the over-all reactor plant because

the entire reactor heat is transferred to the steam. There is no increase

in heat rejected to a sink.

Since these results are not in forms which are easily used in

plant optimization, they can be rearranged to yield the pumping power

fraction for equal pressure loss in the reactor and steam generator

and for equal compressor and turbine efficiencies:

Pt o t a p+(w - 1
p/ 2(10)

Pth - - (w - 1) -71

where Pth is the reactor heat or thermal power,

Pth = WCp(T3 - T2 ) ; (l0a)
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P is the total pumping power, or the isentropic power required by the
compressor to overcome the pressure losses in the heat exchanger and
reactor,

P = WC T{(-- --1 + WCT{ - -1.(11)
P p 2 3 p 1

Equation (10) relates the pumping power fraction to the temperature
potential, e, the compressor work, w, and the turbomachine efficiency, 1.
It would also be useful to be able to relate the temperature ratio to the
reactor temperature rise. Combining a rearranged form of Eq. (1)

T P
- - 1 = - - - 1 (la)
T

1 c 1

and the identity

T3-T T T3 2 3 2
= - - - - (12)

T T1 T

yields

T -T TP
3 2 _3 (13)=3- 2 - - - 1 P -- 1 (13)

T T1c

which together with Eq. (6c) becomes

3 - 2 3 1
T 3=T2 - -T - 1 - - ( - 1 ) (1 4 )

T -T -
1 1 1

and combined with Eq. (6b) yields

3 2 e 1
T3 - T = - - - 1 - - l(c -1) . (15)

1 T c c

Figures 4 and 5 graphically depict the functional relationships shown
in Eqs. (10) and (15) for turbomachine efficiencies of 0. 85 and 0. 90.
However, the cycle parameters are awkward for design optimization but
are general as far as the coolant gas is concerned. Selecting helium,
which has a specific heat ratio of 1. 667, as the coolant gas allows the
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functional relationships between the cycle temperature ratio, T = T3 T'
the compressor pressure ratio, P2 /P 1 , and the pumping power fraction to

be obtained for turbomachine efficiencies of 0. 85 and 0. 90, as shown in
Figs. 6 and 7. The same functional relationship has been repeated and

cross-plotted on an expanded scale in Figs. 8 through 13.

These figures depict the relationships between the parameters govern-
ing the performance of the turbocirculator and the reactor plant and allow

for design optimization. The variations of pumping power fraction--the
ratio of the pumping power to reactor power--are shown as a function of

compressor pressure ratio for various values of temperature ratio, e, the
ratio of reactor outlet temperature to compressor inlet temperature. In
addition, the reactor temperature rise ratio, the temperature rise that

takes place in the reactor divided by the compressor inlet temperature, is
shown as a function of compressor pressure ratio for various values of the

temperature ratio. Therefore, for a given pumping power fraction and

cycle temperature ratio, the compressor pressure ratio is determined.
Although there is a maximum pumping power that can be achieved for a
particular temperature ratio, the complexity of achieving the required
pressure ratio with a light gas, such as helium, will generally tend to
limit the pumping power to values below this maximum.

While the assumption of equal pressure losses in the reactor and
steam generator may be closely approximated in the actual plant design,
the case for unequal pressure losses can be examined by considering the
ratio of pumping power fraction for unequal pressure losses to the pumping
power fraction for equal losses. If X is. defined as this ratio,

[ri + (w ](1-R) + 71R

X = + -,(16)

which can be re-formed by combining the numerator as in the following:

X = 11 + (w - 1)(1 - R) (17)

Equation (17) was used to plot Figs. 14 and 15 for different values of
turbomachine efficiency. These figures result in correction factors for

unequal pressure losses, and it is readily seen that unequal pressure drops
in the reactor and steam generators have very little effect on the pumping

power fraction.
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4. 2. COMPARISON OF TURBOCIRCULATOR WITH EXTERNALLY
DRIVEN CIRCULATORS

The thermodynamic advantages of the turbocirculator may be deter-
mined by comparison with other means of providing the work required for
pumping the gas in the primary circuit: (1) an electric motor driving
through a fluid coupling; (2) a steam turbine in series with the main steam
turbine; and (3) a turbocirculator in which the work results from a lowering
of the thermodynamic potential of the gas stream. (A steam turbine drive
in parallel with the main steam turbine, while possible, will not be con-
sidered -here because it is similar to the electric motor drive case. ) The
first two methods result in thermodynamic losses to the cycle, whereas
the turbocirculator does not affect the thermal efficiency of the plant since
all of the energy involved is rejected at a potential above that at which the
steam plant operates. However, in the last case slightly higher temperatures
are required in the gas streamtokeep the heat transfer surface require-
ments of the steam generator from increasing.

Figure 16 is the flow diagram for a gas-cooled reactor with the
turbocirculator. The heat produced in the reactor is transferred to the
steam in the steam generator. The heat from the cycle is rejected through
the condenser, while the electrical energy produced in the generators is the
work output. The steam conditions and the work output determine the
thermal performance.

Figure 17 is the flow diagram for a gas-cooled reactor with the
circulator driven by an electric motor. The energy for the motor would
have to be produced by the plant, and although the thermal equivalent of
this work remains in the cycle, additional heat is required in the reactor
and there is an added amount of heat rejected in the condenser for the same
net plant output as in the previous case because work has been degraded to
heat. A larger amount of steam flow results.

The thermodynamic cost of the circulator power can be arrived at
by consideration of the heat quantities required and the efficiencies of the
various components necessary to each system. If no external pumping
work is required and qin is the heat produced in the reactor,

net wk
e =

T q. '
qin

where eT is the thermal efficiency of the plant. The net work = eTgin'
This is for the case of the turbocirculator.

If, however, external work is required for pumping the gas and heat
is added to the reactor so that the same net work output from the power
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plant is maintained, the heat produced, q, is greater than qin by the
amount of heat required to be converted to shaft work,

Xq.in

c T

where X = flow loss in the primary gas circuit expressed as a fraction of

the thermal heat produced in the reactor,

6 = a coefficient which accounts for the difference between
producing work in the steam plant and in the circulator drive,

,c = efficiency of the circulator compressor,

and is less than qin by the amount of work which is converted to heat but
remains in the primary circuit,

Xin

71c

Therefore, the heat which must be produced in the reactor for the same
net output is

q! =q. + in -in (18)in in rlbe 7(
c T c

The incremental additional heat required for external circulating can be
arrived at by algebraic manipulation of Eq. (18):

aq. q! -q. /1 -e Se
in in in T(19)-- - == -. (19)

q. q. i 6 ein in c T

Equation (3) is shown graphically in Fig. 18.

For the same temperature rise in the reactor,this increase in heat
is accomplished by an increase in helium flow. The increase in heat flow
in the primary circuit is made up only in part by this increased reactor
heat. The circulator work, X/rc, must be added to it. For the same
thermodynamic conditions of the steam as exist in the turbocirculator,
this requires an increase in steam flow in the steam generator, steam
turbine, condenser, and auxiliaries,

s -_ Q in X(20)

W Q q.n 7 's in c
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The change of thermal efficiency can be arrived at by considering the
condition for equal work,

eTgi = e qi , (21)

and using Eq. (18), Eq. (21) reduces to

e =e' + -e-- , (22)

c T 1c

and rearranging terms,

eT
e' =1 (23)

TcbeT 
'

which is shown graphically in Figs. 19a, 19b, and 19c.

For the evaluation of the flow loss, it is recalled that X was defined
as the flow loss in the primary circuit expressed as a fraction of the total
reactor heat or thermal power,

P
A = .(24)

in

For externally driven circulators,

P =WC 6T , (25)
p p

or

P = WC T -11 + T-11 , (26)

and the reactor thermal power is

q. = WC (T3 - T2 ) , (27)

where 6T = compressor isentropic temperature rise,
P = pressure,

Cp = specific heat at constant pressure,
W = mass flow,

subscript1= compressor inlet and steam generator exit,
subscript2= compressor discharge and reactor inlet,

subscript3= reactor outlet and steam generator inlet,

T = temperature, R.



0 c o

0.48

c* 0.46

0

S 0.44

S- 0.6

o 0.42 C 0.5
0.4

0.3

0.40

0.2
_ 03 -
w 0.38

U-

W 0.36

0.34

0.32

0.30
0.20 0.30 0.40 0.50

THERMAL EFFICIENCY OF EXTERNALLY DRIVEN CIRCULATORS, e'

Fig. 19a--Thermal efficiency of externally driven circulators versus thermal efficiency of

turbocirculator, 5 = 1. 0

..... -



0.50

0.48

0.46

0.44

= 0.6

0.42 0.5

0.3

o 0.40-0.2
0.1

z
- 0.38
U-

U-
W 0.36
J

= 0.34
1-

0.32

0.30
0.20 0.30 0.40 0.50

THERMAL EFFICIENCY OF EXTERNALLY DRIVEN CIRCULATORS, eT

Fig. 19b--Thermal efficiency of externally driven circulators (electric motor) versus thermal
efficiency of turbocirculator, 6 = 0. 821

- . .. .. ,



0.50

0.48

H

o.46
0

.0.44

= 0.6
0.42 -0.5

H 3 0.4

o 0.40 0.2

0.34.-

w 0.38
U~ NJ

L

LJ 0.36

CC

= 0.34

0.32

0.30
0.20 0.30 0.40 0.50

THERMAL EFFICIENCY OF EXTERNALLY DRIVEN CIRCULATORS, eT

Fig. 19c--Thermal efficiency of externally driven circulators (series steam turbine) versus

thermal efficiency of turbocirculator, 6 = 0. 924



33

The pressure ratios of Eq. (26) may be rewritten

P 2

V

3
P 

3

P1

1 +
P3

= 1 +
1

sinceP3 -P1 ,'

3 
P1

P3 1 3 1
P P

1 3

Because

P2 P3
2 3

and- = 1 + E
3 1

where E << 1, the following can be expanded to

-1/y

=-1 +P -( 1 ( p 2p3 .

Similarly,

P3 y/
= 1+-

1
+-

VY

The substitution of Eqs. (26) and (27) in Eq. (24) with the use of Eqs. (31)
and (32) results in

T P2

(T 3 T 2 \ /1 (33)

Evaluations of Eq. (33) for a reactor pressure of 450 psia and for a range
of reactor pressures from 100 psia to 1000 psia are shown in Figs. 20
and 21, respectively. The reactor inlet temperature was assumed to be
7000F, and the reactor outlet temperature was assumed to be 1460 0F.

(28)

(29)

(30)

(31)

-1)

;f

P 
1 3 P1 -1 3 P1 = 1+ =p = 1 + 3 .(32)
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4. 3. EVALUATION OF CONSTANTS

4. 3. 1. Compressor Efficiency

The compressor efficiency, which includes the inlet and diffuser flow
losses, could be between 70% and 90% depending on the type and design of
the compressor development effort expended, and the installation of the
machine as well as the means of driving. For the motor-drive case,
efficiencies of 75%, 80%, and 85% will be used. The centrifugal compressor
used in the Peach Bottom HTGR has an efficiency of 78%.

The series steam turbine will require a two-stage axial compressor
with the steam turbine thermodynamically located in the cold reheat line.

4. 3. 2. Heat-to-Work Conversion Coefficient

The heat-to-work conversion coefficient, 8, modifies the plant thermal
efficiency to account for the additional losses incurred in producing the
work required to overcome the frictional losses in the primary circuit when
the heat produced by these inefficiencies does not enter the primary circuit.
In the case of the electric-motor drive, 8 includes the following:

T = 0. 98 motor transformer efficiencies from output bus,
1 m = 0. 95 motor efficiency,

1 FC = 0. 90 fluid coupling efficiency,

M = 0. 98 mechanical efficiency--seals, bearings, friction,
and windage,

6 = fl r. = (0. 98) (0. 95) (0. 90) (0. 98) = 0. 821.
motor i i

For the case of the series steam turbine, 6 would be greater than 1 if the
steam turbine stage driving the circulator were equal in efficiency to the
last stages of the high-pressure spool of the main steam turbine set and if
there were no flow losses in the steam lines to the circulator and across
the control valve. This efficiency penalty is thus the ratio of the series
steam turbine efficiency divided by the stage efficiency of the last turbine
stage in the high-pressure set. Furthermore, since the generator -lg = 0.98
and transformer 7t = 0. 99 are bypassed, they are in the denominator of
the expression for 8. The mechanical losses are estimated as 0. 98.
Therefore,

8' _ 1SST 1Mech = (0. 80)(0. 98) = 0 934
SST 71HT Ge 3rasf(0. 865)(0. 98)(0. 99)
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The steam flow losses are estimated to reduce this value by a percentage
point, so

6 = 0. 924

Equations (19) and (20) can now be evaluated for particular values of1c and 6 which apply to the different circulators with the use of Fig. 18.
Figures 22 and 23 show these values for a range of thermal efficiencies.
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5. TURBOCIRCULATOR PRELIMINARY DESIGN

The design investigation'of the turbocirculator was carried out
simultaneously with the design study for TARGET. The operating
conditions for the TARGET plant were specified during the early phases of
the program and formed the basis for the turbocirculator design study.
Although TARGET design conditions were revised during the course of the
program, which simplified the circulator requirements, the original
specified conditions were retained as the basis for the turbocirculator
design study. The major change was a reduction in flow losses, which
would decrease the number of stages of turbomachinery required.

5. 1. DESIGN CONDITIONS

The design requirements for the turbocirculator stem from the plant
operating conditions. It was shown in Section 4. 1 that the primary circuit
temperature ratio and the primary circuit pressure loss determine the
required compressor and turbine pressure ratio. The flow requirements
result from the reactor thermal power, the number of coolant loops, the
reactor temperature rise, and the thermodynamic state of the gas leaving
the reactor.

Table 1 shows the plant conditions upon which the turbocirculator

study is based. These reactor design conditions and the thermodynamic
cycle determine the conditions for the turbocirculator, which are given
in Table 2.

5. 2. LOCATION AND INSTALLATION OF TURBOCIRCULATOR IN
THE TARGET POWER PLANT

The nuclear steam supply, consisting of the reactor core and internals,
steam generators, and turbocirculators, is contained within a prestressed
concrete, cylindrical pressure vessel. The components are arranged in
three concentric cylinders, as can be seen in Fig. 24. The outer shell is
the prestressed concrete pressure vessel and the center cylinder contains
the reactor. The circulators and steam generators are located in the
annulus between the concrete vessel and the reactor. A hexagonal array
for both the core.and the stressing cables and tendons led to the choice of

"Design Study Report for TARGET. A 1000-Mw(e) High-temperature
Gas-cooled Reactor, "General Atomic Report GA-4706, March 9, 1964.

40
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Table 1

TARGET PLANT DESIGN CONDITIONS

Reactor inlet pressure, P2 . . .

Reactor outlet temperature, T3

Reactor inlet temperature, AT

Reactor power, thermal . . . . .

Helium mass flow . . . . . . . . .
Pumping power fraction, X . . .
System flow loss, AP . . . . . ..

Reactor, AP . . . . . . . . . . .

Steam generator, AP . . . . .

Number of coolant circuits . . .

450 psia
1500 F
750 F

2337 Mw(t)
8. 57 x 106 lb/hr

0. 0217
12 psia
8 psia
4 psia

6

Table 2

TURBOCIRCULATOR CONDITIONS

Location

Leaving steam generator system
(entering compressor)

Leaving compressor
(entering reactor system)

P
(psia)

391

450

Leaving reactor system.. .............. 442
(entering turbine)

Leaving turbine.... ................ 395
(entering steam generator)

T
(0 R)

1142

1212

1960

1890
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six circulator loops. A larger number would result in too many penetrations

of the vessel top, while a smaller number would increase the size of these

penetrations for the turbocirculator access holes since larger machinery

would be required for the same flow. In either case, the vessel top would
be weakened. The circulators are installed in a cylindrical tank connected
by ducts to the reactor. The steam generators are located within rectangu-
lar tanks attached to the sides of the -circulator tank. The accessory
systems required for circulator operation are mounted in the top of the
cylindrical tank, so the entire circulator is self-contained within this tank.
Access holes for removal of the circulator and accessory equipment are

sealed from the top.

The arrangement of the components of the turbocirculator and their

installation and orientation within the reactor follow directly from consid-

eration of particular flow and design problems. The turbocirculator
requires four gas connections to the other components of the primary

circuit from the compressor inlet to the steam generator outlet, from
the compressor discharge to the core inlet, from the turbine inlet to the
core outlet, and from the turbine outlet to the steam generator inlet. The

axial velocities in the compressor and turbine passages are high, by design
choice, so as to minimize the number of stages required and their outer

diameter. Therefore, acceleration into the passages and diffusion of the
gas to the lower velocities existing in the passages leading to the other

primary components must be accomplished. The losses which accompany

these changes in velocity can be considered either as included in lower

component efficiencies or as additional required pumping power. The

effect is the same as far as the turbocirculator cycle is concerned--a
higher compressor pressure ratio, which adds to the size ahd complexity

of the machine.

The accelerating passages can easily be designed with insignificant
losses, whereas great care is required to avoid flow separation for the

decelerating passages. This involves avoiding changes of flow direction

with the gas at high velocities and limiting the rate of diffusion in the decel-

erating passages. Therefore, the compressor and turbine should be

arranged to permit diffusion axially and sufficient length should be provided
for efficient deceleration.

The arrangement of the turbine and compressor is also affected by
the desire to balance the gas thrust of these components against each
other, which is accomplished by having both the direction and sense of the
flow the same in each component. This results from the fact that the
pressure increases through the compressor and decreases through the

turbine. The resultant thrust is reduced still further by a vertical

orientation of the machine so that the gravitational load is opposite to the
resultant thrust load. In addition, the vertical arrangement appears to

be more efficient as far as primary containment volume is concerned.
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The other consideration which influences the orientation and

arrangement of the turbocirculator is the desirability of isolating,confining,
and limiting, as much as possible, the hot gas passages between (1) the
core and the turbine inlet and (2) the turbine discharge and steam generator
inlet.

The design for the turbocirculator installation and the integration of
the turbocirculator with the nuclear steam supply system within the primary
containment, which follows the general design aims and requirements cited
above, is shown in Figs. 25, 26, and 27. The hot gas flow from the reac-
tor enters the turbine inlet plenum chamber from the twin turbine inlet
ducts. The flow is turned and accelerated into the first stage turbine
nozzles; it then expands through the turbine and enters the turbine exit
diffusing duct. This decelerating passage turns the flow slightly outward
radially, which bifurcates as it passes down the outer annulus. The rate
of diffusion is controlled by the change in area of the annulus in both the
radial and peripheral directions, until the gas reaches the height of the
steam generator and flows peripherally into the rectangular ducts containing
the tube bundles. The gas flows through the tube bundles and into the
steam generator outlet duct, turns, flows upward, and turns again to flow
toward the turbocirculator. The inlet to the compressor is bifurcated so
that the inlet flow to the compressor interleaves with the turbine discharge
flow. The flow accelerates in the inlet and passes the turbine discharge
annulus, then expands to fill the entire compressor inlet annulus, as seen
in Fig. 27. The gas is compressed by the five compressor stages and is
diffused in the conical compressor diffuser located in the central duct. A
shut-off valve is located at the bottom of the compressor discharge duct
through which the gas flows into the core inlet duct at the bottom of the
vessel.

This arrangement of the flow passages results in the diffusers of
both the turbomachine elements being concentric to each other and allows
the available length of the vessel to be used for the diffusion of the gas.

5.3. AERODYNAMIC DESIGN

The aerodynamic component design points are specified by the results
of the turbocirculator cycle analysis for a particular set of reactor opera-
ting conditions employing the procedures of Section 4. 1. However, the
design optimization of these components involves consideration of their
installation and location in the primary containment together with the aero-

dynamics of the static flow passages, the stress levels of the blades and
disks, and the rotor vibrational characteristics. The diameter of the
turbocirculator was determined by the maximum size and number of holes
that could be accommodated in the prestressed concrete vessel, and the
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mass flow is a direct consequence of the cycle analysis. Within these
constraints, the preliminary design optimization of the compressor and

turbine components was accomplished by a parametric study of the effect
of the pertinent aerodynamic and mechanical design variables of these

components. Computer codes were used to calculate the characteristics
of the turbine and compressor components for these parametric studies.

5. 3. 1. Compressor Aerodynamic Design

The principles involved in optimization of the aerodynamic design of
axial flow turbomachin'ery for a light gas, such as helium, follow from

an examination of the simplified one-dimensional energy equation which
equates the energy interchange between the blading and the gas to the change

in momentum of the gas stream:

gJCL T = UCx (tanI3 1 -tan p), (34)

where g = gravitational constant,

J = mechanical equivalent of heat,

C = specific heat at constant pressure,
p

AT = temperature change in gas,

U = blade speed,

C = axial velocity,

p1= relative entering gas angle,

p2 = relative leaving gas angle.

The equation is a simplification of the actual design process whereby

the technique of radial and stage stacking is used. The energy equation (34)

is used for a given number of radial stations. As a result, for every radial

segment, there is a different blade speed and thus a different amount of

gas deflection required for equal work. The gas properties are then inte-

grated at the compressor outlet.

The first parameter investigated was the number of compressor

stages. From a mechanical standpoint, it is economically advisable to
have as small a compressor as possible, but from a performance stand-

point, the greater the number of stages, the less work required per stage
and thus the greater the efficiency. Figure 28 shows a typical investigation

of this effect on efficiency. Aerodynamically speaking, four stages are
adequate; however, with the addition of one more stage, a gain of over 1%

in efficiency is realized. From a cycle parameter study, this one point
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of efficiency is important. It reduces the power required of the turbine

by almost 6%. However, further additional stages do little to improve the

compressor performance. In fact, an addition of two more stages only
results in an increase of 0. 5% efficiency. Therefore, a five -stage compres -

sor was chosen for the reference design.

The efficiencies of the various compressors were determined using

the relationship between the diffusion factor, D, and a pressure loss coef -

ficient, w. This diffusion factor is an indication of the extent of boundary

layer growth on the suction surface of the blade. When D > 0. 6, there is

evidence of boundary layer separation on this suction surface. In the

present design, D was held to less than 0. 5.

Also inherent in the use of the diffusion factor is its relationship to

the pressure loss coefficient and to solidity a-:

V2  (tan (I1- tan X32)

D = 1 -- + (35)
V 2Zo tan13p1 2

and

S= [ 0. 0035 + 0. 00928D + 0. 087D3 05], (36)
cos p2

where V2 = relative gas leaving velocity,

V = relative gas entering velocity,

= blade solidity, the ratio of blade chord length to the
spacing between the blades,

w= AP/q,

q1 = inlet velocity head.

Note that while increasing solidity decreases individual blade loading

(Eq. (35)), the total loss is a result of individual losses summed over the

entire stage. This effect is shown in Eq. (36). Thus, there is a definite

optimum solidity -- within the range of aerodynamic stability.

Another comparison is made between Eqs. (34) and (35) for this

optimization study. There is a direct relationship between the amount of

energy addition due to a change in angular momentum and the diffusion

factor. For a fixed energy input to the gas, an increase in blade speed

and axial velocity will decrease the amount of turning of the gas, and thus

decrease D. However, these two components of Eq. (34) are limited:
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the blade speed, U, by the stress it imposes on the blades and disks, and

the axial. velocity, Cx, by the losses associated with accelerating and

decelerating the gas in and out of the machine (particularly the latter).

Actually, this is a simplification, for there are also interrelation-

ships between these terms. For example, the mass flow rate through the

machine and the axial velocity determine the inlet annulus area. It is this
annulus area coupled with the rotational speed that determines the centrifugal
stress. Thus, a small value for Cx coupled with a fixed U will give a larger
blade stress than a larger value of Cx. The actual design process requires
relatively complicated computations, since iterations are required to

optimize the maximum allowable stress to the minimum amount of aero-
dynamic loading.

With the number of stages determined, a reasonable outer diameter

was selected within the limits of mechanical stress and space limitations.
A typical study is shown ini Fig. 29.

Once a reasonable idea of the compressor's physical dimensions is

obtained, the aerodynamic optimization can be performed. Typical optimi-

zation curves are shown in Figs. 30 and 31. These figures give a plot of

efficiency as a function of gas through-flow and blade solidity. Two effi-
ciencies are plotted: the efficiency of the compressor alone and the efficiency
of the compressor coupled with the diffuser. Efficiency is defined as the
isentropic temperature rise (based on the ratio of leaving pressure to inlet
pressure) divided by the actual temperature rise in the compressor. Thus,

of the two curves, the total (compressor plus diffuser) efficiency is the more
realistic, since the isentropic temperature rise is constant. It is set by the

design criteria of a constant diffuser exit pressure and the only variable is

the temperature rise or power required in the compressor.

Thus, as far as the compressor itself is concerned, an increase in

axial velocity reduces the aerodynamic loading on the blades and therefore

reduces the pressure loss coefficient. The loss, however, is one of energy,

which results from the product of the loss coefficient and the square of the
inlet velocity relative to the blades. Therefore, the minimum loss depends
on the magnitude of both quantities, and at higher velocities the velocity square

term will become predominant. In the present study, this optimum velocity
occurred at 750 ft/sec.

The effect of solidity on the efficiency is shown in Fig. 31. Unfor-

tunately, the optimum solidity could not be selected in the present design.
An attempt was made to shorten the machine as much as possible. Since

the blade chord length varies inversely as the square root of the solidity,
an increase from the optimum solidity of 0,7 to the selected value of 1, 15

resulted in a 22% reduction of the compressor length, or a saving of about

6 in. from 78 in.
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The tip speed of the machine was determined from a trial and error

calculation of stress for both the compressor and the turbine. With regard
to the compressor, stresses due to speed at the selected dimensions were
not critical. A tip speed of 1050 ft/sec was selected.

An alternative analysis was performed on a compressor employing

high reaction blading, >100%. This compressor has the stator blades
placed ahead of the rotor blades which turn the gas into the rotor blades.

The function of the rotor blades is then twofold: (1) to impart the energy
to the gas, (2) to return the gas to an axial direction. As seen from

Fig. 32, the efficiencies of this type of machine are much lower than those
of the regular compressor. This effect results from the higher inlet velocity

relative to the blades, which, as previously mentioned, is squared in the

energy loss term. The pressure loss coefficient, w, on the other hand,
does not decrease as rapidly in the region of non-separated flows. This
type of blading might be favorable if the space limitation in the reactor
design were critical and efficiency were not. For example, a three-stage
compressor is possible with high reaction blading, but the efficiency would
be low. However, the blades would be lightly loaded in comparison with
a rotor followed by a stator-type three-stage compressor.

The final design selected is illustrated in Figs. 33 through 36. Figure
33 shows the velocity triangles of the gas for three radial segments of the
blade. Figures 34 and 35 show the first stage rotor and stator blade profiles
for three radial segments. Figure 36 shows a side view of the first stage
rotor and stator blades. The design parameters are shown in Table 3.

5. 3. 2. Turbine Aerodynamic Design

The optimization involved in the aerodynamic design of axial flow

turbines is not as critical as for the compressor. The compressor flow

is unstable owing to the adverse pressure gradient. This tends to separate

the boundary layer formed on the suction surface of the blade. In the turbine,
however, with its positive pressure gradient, the boundary layer is suppressed
and swept along with the flow. As a result, there is no separation of the
flow. The only limit in the design is in choking the flow in the nozzles.

Several designs of the turbine were made to determine the effect of
blade solidity on machine efficiency. This initial work was done well before
a final compressor design was established. Results of the study showed that
solidity had an effect of less than 1% on efficiency. It was also borne out
in the study that the greatest restraining factor on the turbine design would
be its stress limitations. The cases that were run showed stresses at the
blade roots ranging from 19, 000 to 24, 000 psia. These stresses are high
for metals at the turbine inlet temperature.
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It was for this reason that the design of the turbine was aimed toward

lower and lower rotational speeds. Initial designs set the speed at anywhere
from 6000 to 6500 rpm, but detailed studies of the size and stresses in the
disk and blades lowered the speed to about 5100 rpm. To keep the tip speed
reasonable at this lower speed, the diameter of the turbine was increased
from 52 to 54 in. In addition, the blades were inevitably smaller in height,
making their root stresses more reasonable.

After several detailed disk designs had been considered, the current
turbine design, given in Table 3,was decided upon. Extreme tapers of 0. 15
tip-to-hub area ratio were utilized in the blade design.

Table 3

COMPRESSOR AND TURBINE DESIGN PARAMETERS

Inlet temp, 0R.... . . . . . . . .

Inlet pressure, psia . . . . . . . .

Outlet pressure, psia . . . . . . .

Number of stages . . . . . . . . . .

Blade tip speed, ft/sec . . . . . .

Mass through flow, lb/sec . .

Gas axial velocity, ft/sec . .
Outer diameter, ft . . . . . . . . .

Hub-to-tip ratio
Stage 1..................

2 . . . . . . . . . . . . . . .
3........... .....

4. ..............
5 . . . . . . . . . . . . . . .

Work, ft2/sec 2 . . . . . . . . . . . .

Mean rotor solidity. . . . . . . .

Mean stator solidity . . . . . . .

Diffuser data

Area ratio . . . . . . . . . . . . .

Efficiency . . . . . . . . . . . . .

Compressor

1142
394
450
5
1050
396
750
3. 917

0.812
0.816
0.819
0. 822
0. 825
2. 16x 106
1.15
1. 50

0. 225
0. 850

Turbine

1960
442

2
1206
396
825
4.50

0. 801
0.793

2. 16x 106
1. 15
1.30

0. 280
0. 750

Distinct radial positions are taken along the blade and velocity

triangles are constructed using Eq. (34). From these triangles, loss

coefficients, Yp, Ysec' and Y3D, are calculated and combined as

YTOT \P 3D + Ysec '
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where YTOT = LOSS/q2

q2 = leaving velocity head,

P = profile loss,

sec = secondary loss,

3D = three-dimensional loss.

The loss coefficients are not simple analytical expressions as they
were for the compressor. Instead, the coefficients are presented in
graphical form as a function of solidity with gas leaving angle as the

parameter. Analytical expressions were derived for these curves.

The final design selected is illustrated in Figs. 37 through 40.
Figure 37 shows the velocity triangles of the gas for three radial segments
of the blade. Figures 38 and 39 show the first stage rotor and nozzle blade
profiles for three radial segments. Figure 40 shows a side view of the
first stage rotor and nozzle blades. The design parameters are shown in
Table 3.

5. 3. 3. Aerodynamic Design of Inlets and Diffusers

The basic arrangement of the turbocirculator was dictated to a large

extent by consideration of the problems involved in the design of the accel-
erating and decelerating passages of the turbomachine elements of the
turbocirculator. The importance of these elements was discussed in the
previous sections, and the losses involved in the diffusing elements enter

the design optimization method. The problem lies in the state of knowledge
of the turbulent boundary layer in incompressible flow with an adverse
pressure gradient, which is the flow in the diffusers. Because of inadequate
knowledge of the details of turbulent shear flow, an empirical approach to

design is required. For this reason, the layout of the turbocirculator

allows a large enough length for the diffusing elements so that flow separa-

tion can be avoided, since it is the length of the diffuser for a given area
ratio across the diffuser which will determine the magnitude of the pressure
gradient. Therefore, this preliminary design of the machine and its elements

allows sufficient latitude in the dimensions of the static aerodynamic pas-
sages (see Figs. 41_a and 41b) so that the final empirical determination of

their configuration in the early phases of the development program can be
readily incorporated in the basic machine.

The diffusion for the compressor is accomplished in two stages: first,

the inner annulus boundary decreases, thereby increasing the flow area
since the annulus is becoming larger; second, the outer annulus boundary

increases until the desired flow area is accomplished. The transition
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Fig. 41b--Compressor aerodynamic passages
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between the two stages introduces the problem of the wake behind the inner

annulus once it is cut off. This wake is suppressed by decreasing the outer

cylinder before it begins to increase in the second stage of the diffusion.

Each stage will consist of an area ratio of two and will have separate

sections. The second stage will be made and installed separately from
the first.

The diffusers, in both the compressor and turbine are axial with direct

entrances from the machine annuli after the last stage of compression or

expansion as the case may be. The area change is made equivalent to a
100 cone, for which sufficient data are available to indicate efficiencies >90%.
However, since the efficiency depends on both the initial boundary layer

and the required area ratio and since this diffuser is not a simple cone,
an efficiency of 0. 85 for an area ratio of 4 was assumed achievable for
the compressor diffuser.

The turbine diffuser presents a more complicated problem in that

the turbine discharge flow must interleave with the compressor inlet flow

and all the diffusion is accomplished within the annulus. Furthermore, the
annulus inner diameter increases so that the entire compressor can be

contained within the turbine discharge annulus. The diffusion takes place
in the peripheral direction and the rate is controlled by the change of area.
The efficiency is assumed as 0. 75 for the required area ratio of 3. 57. A

small radial component is introduced into the flow to allow the inner annulus
diameter to be larger than the center compressor annulus diameter, but
the increase in area is limited by closing off the periphery with a body.

This accomplishes two things: It limits the rate of diffusion and provides
space for the compressor inlet flow to interleave with the turbine discharge.

After the flow passes the compressor inlet section, the diffusion continues

in the peripheral direction until the flow becomes annular again. The area
change as a function of length, i. e. , rate of diffusion, can be controlled
to a value which will avoid separation. At this stage of the design, a 100

equivalent cone angle is used for the reference design, but as in the case

Lthe compress mydiffusenhe de lopmentprogxam during the early
phases of the project will cde- ine the final design.

The turbomachine inlets do not present any aerodynamic difficulty,
since there is a favorable pressure gradient which reduces the possibility
of flow separation. However, two problems must be considered during
final design and in the development program. First, the flow into the com-
pressor is bifurcated, and care will have to be exercised to balance the two
streams so that mixing wakes and pre-rotation of the entering stream do
not occur. Fortunately, the accelerating flow tends to diminish the extension
of wakes into the compressor. The use of bifurcated inlets is current
practice in both airplane jet engine inlets and superchargers.
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The second problem lies in designing for a constant axial velocity.

The shape of the inlet shrouds will have to be consistent so that the resulting
velocity at the eye of the machines is constant. While it is possible to
design the blading for velocity gradients, the present choice is a constant
axial velocity.

The design of the turbine inlet is straightforward in that the acceleration
is from a plenum into which the hot gas flows from the reactor.

The inlet area schedules used in this preliminary design were based
on previously tested results for which the discharge coefficients were

0. 997.

5.4. MECHANICAL DESIGN

The turbocirculator and its auxiliary systems comprize a completely
self-contained package which is installed in each of the six holes in the
concrete pressure vessel, as described in Section 5. 2. The complete
unit appears as a cylinder, 24 ft long and 7-1/2 ft in diameter, closed at
one end by a dome. This cylinder is installed in a vertical position, open
end down. The space directly under the dome houses the accessory system.
Only five service lines need be connected to the machine: water in and out,
helium in, and oil in and out. It is also possible to eliminate one of the oil
connections.

The design principles were as follows:

1. Bearings were to be of the tilting-pad, oil-flooded Kingsbury type.

2. Auxiliary pumps were to be integral with the turbocirculator and

of a dynamic type without wearing parts.

3. No rubbing seals were to be used except for shut-down seals.
Several arrangements of bearing lubrication systems and various
types of dynamic seals were studied in detail. The reference
design is shown in Fig. 45, and an alternative design is shown
in Fig. 42.

5. 4. 1. General Features

The turbocirculator is a vertical machine, consisting of a five-stage

compressor at the lower end and a two-stage turbine at the upper end con-
nected by a common shaft. All gas passageways are an integral part of the
turbocirculator casing. All turbocirculator bearings are located outboard
of the rotor disks. The entire accessory system is located in a peripheral
region under the dome of the turbocirculator casing.
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5.4.2. Casing

It was decided for reasons of convenience and efficiency to make the
gas passageways an integral part of the circulator housing. The evolution
of the final design may be seen by referring to Figs. 43, 44, and 45 in

sequence.

Figure 43 is one of the earlier designs, wherein hot gas is introduced

into a plenum surrounding the turbine. The gas from the plenum is turned

through 1800 and passed into the turbine. Gas leaving tie turbine is

forced to divide and flow around a series of ducts that constitute the com-

pressor entrance. The turbine gas flows are then recombined to flow

through the outer concentric duct. Gas leaving the compressor flows

through the inner concentric duct. Some of the obvious difficulties involved
in the design were due to the arrangement of hot and cold gas flowing in
adjoining passageways, thus introducing major thermal stress gradients.
Another major difficulty was insulating the hot and cold passageways from

each other.

A somewhat improved design, wherein the turbocirculator is
envisioned as a complete package, is shown as Fig. 44. However, the
disadvantages of the previous design, namely, the crossing ducts, still
exist, although the insulation problem is somewhat alleviated.

The concept of the complete package is brought to fruition in the
design shown in Fig. 45. Partial concentric ducting is used to lead the
hot gases to the turbine. The two turbine exit ducts become shorter and

wider in cross section as one proceeds lengthwise along the casing. This
shortening leaves space between both partial turbine ducts for introducing

the compressor inlet ducts, which then become concentric with the turbine

exit duct. Exit from the turbocirculator is in the form of a pair of con-

centric ducts. As a consequence of this design, ample voids are left in the
casing to be filled with insulation as needed.

5,4. 3. Rotor

The rotor is a composite design consisting of compressor disks, turbine
disks, a connecting torque tube, and shaft ends (see Fig. 46). All of these
components are connected to each other with Curvic couplings and bolts.
This type of construction provides an accurate, light, compact, and self-
contained connection in which the teeth of the Curvic coupling both center
and drive. This centering action maintains the relationships between the
center of mass of the components under the strains resulting from centri-

fugal force and temperature gradients.

The turbine blades are exposed to 1500 0 F gas, and are cast with
fir-tree roots from Alloy 713-C. Since the upper portion of the turbine
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disk will be cooled with 7000 F gas bled from the compressor, thermal

stresses due to temperature gradients will be reduced, and the hottest portion
of the turbine disk will not go above 13000F. The turbine disk will be forged
from either Alloy U-500 or R-41, both of which have a 100, 000-hr stress
rupture life at a stress level well in excess of the actual stress.

The compressor blades are attached to their disks with bulb-shank

roots, and are exposed to 7000 F gas. Both disk and blades will probably be
forged from SAE 4340, although Alloy Ti may be used. Further investi-
gation of all the alloys in the helium atmosphere is required.

The torque tube design is dictated by critical speed stiffness require-
ments. It too will be forged from SAE 4340 or Alloy Tl.

The designs were set to provide a first critical speed approximately

40% above design speed.

The turbine disks and blades,the compressor disks and blades, and

their associated stress curves are shown in Figs. 47 and 48. The rotor
weight of approximately 10, 000 lb results from the following component
weights:

2 turbine disks at 1900 lb each. . ....... 3800 lb
5 compressor disks at 700 lb each . . . . 3500 lb
shaft + ends. . ... .................... 1800 lb

5. 4. 4. Stress Analysis

The rotor has a normal operating speed of 5120 rpm, which imposes

a centrifugal stress on the rotating components. These components are

also exposed to elevated temperatures. Although the turbine blades operate

in a 1500 F gas stream, the temperature of the turbine disk was assumed

to be about 1300 0 F. This assumption appears reasonable in view of the

high thermal resistance caused by the fir-tree root and other cross-

sectional area changes; also, gas at 700 F is bled from the compressor

and used to cool the turbine disk. The applied rim stress is obtained from

applying the forces due to the weights of the blades, blade roots, and rim

segments to the total area of the rim segments. The resultant stresses

are shown, along with the disk and blade profiles, in Figs. 47 and 48.

The turbine disk (Fig. 47) has a maximum radial stress of 23, 000 psi

and shows a maximum hoop stress at the hub of 53, 000 psi. Allowable

stresses are obtained from stress-rupture data, using the Larson-Miller

parameter T(20 + log t) 10-3. Accordingly, a temperature of 1300 0 F at a
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life of 105 hr is equivalent to a Larson-Miller parameter of 44. Figure 49

shows that for Udimet 500, the rupture stress is 40, 000 psi, assuming a
hub temperature of 1000 F due to forced cooling yields a Larson-Miller
parameter of 36. 5 which is equivalent to the yield stress of the material
(>100, 000 psi) at that temperature.

Figure 48 shows the compressor disk. The maximum radial stress

is 50, 000 psi and the maximum hoop stress is 64, 000 psi. The compressor
blades and disk are subjected to a uniform temperature of 700 0 F. This is
equivalent to a Larson-Miller parameter of 29, for a lifetime of 100, 000 hr.
Alloy SAE 4340 has an allowable rupture stress of 65, 000 psi (see Fig. 50).

The critical speed of the rotor assembly was calculated assuming that
the supports and bearings were rigid. The first critical speed is 7170 rpm,
while the operating speed is 5120 rpm.

5. 4. 5. Bearing and Lubrication System

The rotor weight is of a magnitude (10, 000 lb) which dictates an oil
lubrication system for the prototype machine. Gas bearings will be investi-
gated in the future. The major load is the weight downward at starting,
which diminishes with speed owing to opposed aerodynamic thrust loads.
The resultant net thrust is upward. The journal loads are minimal, since
they carry only loads imposed by unbalance and misalignment. Oil-flooded
tilting -pad thrust bearings (Kingsbury type) and oil-flooded radial bearings
were used in all of the design studies.

Several design studies were made, differing in location of bearings
and type of lubrication system. All of these systems circulated oil through

an oil -to-water heat exchanger, then through the bearings, and back to the
heat exchanger.

Bearings varied in size, depending upon the design. The design shown
in Fig. 45 uses a 12-in, double six shoe thrust bearing, having a thrust capac-
ity of 34,500 lb at 6000 rpm, which is well in excess of the normal thrust

load of 7000 lb. The journals are 14-in. radial bearings. The heat input to

the oil is about 250,000 Btu/hr, and the estimated oil requirements are 50 gpm.

The oil pumps are integral with the main shaft and are operative with

it. Each pump consists of a row of vanes fixed to the shaft. The oil leav-
ing the bearings is lifted to the heat exchanger located in the dome, then
is returned to the bearings, forming a closed loop.

For start-up, it is necessary to introduce an oil film under sufficient
pressure to prevent metal-to-metal contact in the thrust bearing. When the
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turbocirculator is inoperative, the entire weight of the rotor (about 10, 000ib)

is exerted in a downward direction on the thrust bearing. Oil pressure to

the thrust bearing may be obtained from an auxiliary oil pump prior to
start-up. It should be noted that sufficient oil is retained in the bearing

to provide some lubrication at start-up, even without the external pressure

source. When the turbocirculator is operative, the thrust load opposes
the gravitational load, thus reducing the thrust bearing loading. These
conditions lead to the possibility of using externally pressurized gas
bearings for the machine or for assistance in start-up, a subject which
warrants further investigation.

The oil piping runs through voids in the casing and is not exposed
to either turbine or compressor gas. This lubrication system is shown

in Fig. 45. A different lubrication system is shown in Fig. 46. Here, the
thrust and journal bearings are located inside an insulated oil reservoir

at the lower end of the shaft. This reservoir is attached to the circulator
casing. The drive shaft is hollow and contains an inner stationary tube.
The drive shaft also has the pump vanes affixed to its internal surfaces.
Rotation of the shaft forces oil from the reservoir along the hollow shaft,
where a portion of the oil is forced through the lower bearings and returned
to the reservoir. The remainder of the oil is pumped to the upper journal
bearing, where a portion of the oil is forced through the upper bearing and
sent to a heat exchanger located in the accessory system in the dome. The
final portion of the oil bypasses the upper bearing and is sent directly to
a second heat exchanger. The return flows from both heat exchangers are
combined and sent through the stationary central tube to the lower reservoir.

5. 4. 6. Seals and Seal System

Leakage of oil from the bearings into the main gas stream is
prevented by a combination of oil and gas seals. Both of the fluids are
allowed to leak into a chamber from which the mixture flows into the oil-
gas separating system, where they are separated from each other and
returned to their respective storage systems. Controlled clearance seals

(floating bushings) and visco (screwback) seals are used for oil seals and
labyrinth gas seals. The controlled clearance seal permits a leakage rate
of about 0. 02 gpm.

The buffered labyrinth seal is of the multi-tooth, double-sided type,
in which kinetic energy is destroyed by throttlings between stages.. Abuffer
gas stream (helium) enters the center of this' seal and flows toward both
sides of the seal. The buffer gas flowing toward the oil, together with
the oil, flows into a scavenging chamber, and this oil-gas mixture is then
sent to a separator located in the accessory section in the dome. Small
pressure differentials are used throughout the seal, with the scavenging
chamber being at the lowest pressure in the system. A helium flow of

0. 03 lb/sec to each labyrinth seal is indicated.



96

The visco seal has been studied for this application (Fig. 51). Its
working principle is based on pressure generation by shear in a viscous
fluid, enclosed in a narrow annulus, by means of grooves on a rotating
shaft. Calculations show that resulting temperatures would be high. For
this reason, designs featuring this type of seal are not considered in the
reference design except as an alternative.

The mixture of gas and oil from the seals and bearings flows to an
oil separator located in the accessory section under the dome. The separator
is a bed type which uses capilliary action of the fibre glass bed to coalesce
the small oil particles into particles large enough to fall out of the flowing
gas stream as it changes direction against gravity. The bed is enclosed
in a cylinder 1 ft in diameter and 4 ft long. This unit is capable of removing
oil mist from 40 ACFM of helium. The separator has a separation efficiency
of 100% on particles greater than 3 p and 97% on particles less than 3 ,
with a pressure drop of only 14 in. of water. The separated oil is returned
to the oil reservoir, and the gas is returned to the main loop.

Shut-down .seals are used to keep oil from escaping from the bearing
housing and getting into the main gas stream during shutdown. These are
contact-type seals operated by pressurized helium. These seals are normally
kept from contact by spring tension, so they are ineffective during normal
operation of the circulator. The helium pressurizes the seal immediately
after shutdown.

Figure 52 shows one of the seal and bearing arrangements studied.
This design uses a series of stationary concentric tubes passing through
the center of the hollow rotating shaft. Oil and gas circulation paths are
clearly indicated on this drawing. The major drawback of this design is

the large number of seals required. Figure 53 shows another, simplified
bearing and seal system. This system requires external lines to the bearing
and seal housings. Additional versions are shown in Figs. 45 and 46.

5. 4. 7. Accessory System

The accessory system is housed, in a peripheral arrangement,
under the dome located at the upper end of the casing extension. The
central portion under the dome is left clear to allow for a starting motor
and a circulator shaft extension. Typical accessory systems are shown
in Figs. 54 and 55; their placement is shown in Fig. 45. The location of
the accessory system within the circulator housing makes the unit self-
contained, requiring only external cooling water, tank helium to operate
the shut-down seals, and an oil sampling and make-up line.

The buffer helium stream is bled from the compressor exit, passed
through a plateout trap to remove all but the gaseous fission products, then
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cooled and sent to the labyrinth seals. The returning mixture of oil and
helium is sent to the separator, where the helium is separated and passed
through an adsorbtion bed for removal of the oil vapor, then returned to
the main gas stream at the low pressure side of the compressor. The
separated oil is sent to the oil make-up reservoir.

Oil from the bearings is sent to the heat exchangers in the accessory
section; then the cooled oil is returned to the bearings. Oil filters are
located in the oil lines to remove particulate matter. An auxiliary oil
pump is located in the accessory section for use in case of failure of the
built-in pumps.

A summary of oil, gas, and water requirements is given below:

Circulating oil . . . . . . . . 50 gpm
Helium for seals . . . . . . . 0. 06 lb/sec
Helium cooling water . . . . 3 gpm

Oil cooling water . . . . . . . 20 gpm



6. TURBOCIRCULATOR STABILITY AND CONTROL

6. 1. INTRODUCTION

As part of the investigation of the feasibility of the turbocirculator as

a means for providing the pumping power in a gas-cooled reactor, a
stability and control analysis was initiated.

The key point of this analysis is the selection of a favorable parameter

or parameters for control of the mass flow rate induced by the turbocirculator.

An important aspect of this selection is the stability of the turbocirculator
system when operating in a reactor system, both as a single-loop system
and as one of a number of similar loops.

In order to be an operable device, the turbocirculator unit in com-

bination with its control system must be statically stable and, when
installed in the reactor, must be dynamically stable as well. If, in addition,
the turbocirculator unit itself is inherently statically stable independent of
the control system, the requirements of complexity, rapidity of action
(i. e. , the time constant), and servicing required to maintain the combination
unit are reduced considerably.

The dynamic stability of the turbocirculator unit is dependent upon
the context of the main coolant system as well as the specific design
characteristics of the turbocirculator unit itself. As a first requirement
of the "installation, " the turbocirculator unit (or the turbocirculator unit
with its control system) must be statically stable if the "installation" is

to be dynamically stable.

The analysis reported here is a preliminary study of the stability
characteristics of the turbocirculator unit showing that such a unit can be
inherently stable statically. A more complete investigation of this phase
of the study and an extension to the dynamic analysis will be essential
before any specific design of a turbocirculator unit and its installation in
a particular reactor can be determined.

6.2. STATEMENT OF STABILITY PROBLEM

This analysis includes the determination of certain stability and
control characteristics of the turbocirculator system as applied to a large

gas-cooled reactor. Of primary interest are the following:

103
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1. Can a reactor driven by a single turbocirculator system be

statically stable, i. e. , can the system be designed so it will
tend to return to equilibrium after a small disturbance from
equilibrium for all operating conditions?

2. If so, what are the pertinent parameters which determine stability
and what is their range of permissible values for which static
stability can be maintained?

3. What parameters of the turbocirculator system are of practical
value for use as means for controlling the mass flow rate of
helium?

4. How are the foregoing conditions of stability, or instability, and
control modified for a reactor with two or more turbocirculator
systems in parallel, i. e. , two or more main coolant loops, each
containing a turbocirculator system, with each of these driving
the coolant through a common reactor core and its pressure vessel?

6. 2. 1. Definition of Stability Terms

Static stability is determined herein by calculating a series of near-
equilibrium steady-state operating conditions. If these near- equilibrium
conditions show that forces or moments are present in the turbocirculator
system which are in a direction to cause the system to return to equilibrium,
then the system is considered statically stable. If the converse holds,
then the system will tend to diverge away from its equilibrium condition.

Dynamic stability, which includes the further study of the dynamics
of time rate of convergence or any possible oscillations (convergent or
divergent) about the equilibrium condition, has not been included in this
preliminary study.

6. 2. 2. Discussion of Turbocirculator Concept

The turbocirculator concept includes a turbine to draw pumping power
directly from the hot gas stream which transports the power from a High-
temperature Gas-cooled Reactor. This pumping power is "fed back"
directly to a circulator, which in turn drives the coolant gas through the
reactor core and other components of the main coolant system, and provides
the necessary pressure-ratio decrease required to drive the turbine. The
pressure increase induced by the circulator is greater than the pressure
decrease across the turbine by the amount of pressure loss necessary to
drive the coolant gas through the main coolant system. Accordingly, the
turbocirculator, along with the reactor core and steam generator, is a
pressure amplifier circuit which bears certain similarities to electronic

voltage amplifiers of the feedback type.
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The pumping power required to drive this turbocirculator pressure
amplifier is derived from the temperature potential difference existing in
the system as a result of the higher temperature (of the coolant gas)

induced by the reactor core and the lower temperature occurring because
of the heat removed by the steam generator. Because of the latter, the
turbocirculator also bears certain similarities to a turbojet engine.

Whereas the turbocirculator does bear certain similarities to electronic
feedback amplifiers and other similarities to turbojet engines, it is a
distinct system having 'its own particular characteristics and must be
analyzed as such. However, reference to experience with similar systems
already analyzed (to their similarities and differences) is useful in expediting
and clarifying this analysis.

6. 3. GENERAL CONSIDERATIONS

The pressure amplification ratio for the turbocirculator is

= 2P 1P(37)I=P - P'
3 4

the ratio of pressure rise across the compressor (P2 - P 1 ) to the pressure
decrease through the turbine (P3 - P4 ). For full power operation (as will
be shown later), is of the order of 1. 25.

The purpose of the turbocirculator is to supply the pressure loss
(Ap) needed to drive the helium coolant throughout the main coolant ducting
and through the reactor core and steam generator. For full power operation,
Op is of the order of 12 psi. But

2 1 3 P 4 + A .

From Eq. (37),

Ap
p _ p= - 1

3 4

This, plus the identity

P-P P P 3 4

P2 1 3 4P2 1

gives

P-P1
21 s __

Op -(38)p - 1
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For = 1. 25 and Op = 12,

2 1= 5. 0 P - P = 60 psia
Ap 2 1

for a typical case.

Hence, for full power operation the pressure rise across the com-
pressor is equal to approximately 60 psi and is of the order of five times
the total duct loss for the turbocirculator and consequently is also five
times the pressure rise which would be required for an electrical or steam-
driven compressor. Since lip decreases approximately as the square of the
mass flow (and hence of the power drawn from the reactor), P2 - P1 varies
widely, for example, over a range from about 2 to 60 psi.

In consequence, variation of the mass flow rate when driven by a
turbocirculator induces changes in the static pressure distribution through-
out the circuit five times as large as will occur with a steam-turbine-
driven unit. As the mass flow rate increases, the turbocirculator "pumps"
gas from the main circuit components between the turbine outlet and the
compressor inlet to the remaining components. With a steam- or electric-
driven compressor, the same thing occurs but, as indicated above, is an
effect only one-fifth as large and can be ignored in the stability analysis
for a steam- or electric-driven system. With the turbocirculator system
this redistribution of the mass of gas induces pressure changes of 60/450,
or 13%, which cannot be ignored.

6. 3. 1. Mass Inventory Distribution Equation

As a consequence of the foregoing, the mass distribution of helium,
and thus the static pressure distribution throughout the main coolant circuit,
varies with the mass flow rate through the circuit. This effect is included
in the analysis by introducing an inventory equation as follows.

The total mass of helium in the main circuit is given by

M = pdV
0

where p is the density at each volume element, dV, and the integral is
taken around the circuit. Since large sections of the internal volume of
the circuit are at nearly constant pressure and temperature conditions, or
at conditions where realistic mean values can be determined, this integral

can be placed in a "lumped" form given by
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P.V.
M=T p.V. = L

M 1 . RT.
1 1 1

As mentioned previously, the static pressure distribution divides
into two levels. Likewise, each of these pressure levels is at a nearly
constant temperature, except for the reactor core and steam generator.
Accordingly, six regions around the circuit are recognized, as shown in
Fig. 56. A seventh region, with subscript 5, is added to generalize the
equations to include analysis of one-loop characteristics in an n-loop
system where n is large and hence would essentially impose special con-
ditions across the core (which would be represented by the term with
subscript 5; when this term is not zero, then the "R" term must be zero
and vice versa).

Using the gas law p = P/RT and the relation M = pV = VP/RT for each
"lumped" component, with P in psi, V in ft3 , T in 0 R, R in ft/oR, and M
in lb, the mass (inventory) distribution equation becomes

M P P (P2 +P 3 ) P3  P4VR 1 2 2_3_3_--- V -+v -- +V + V -- +V -144 _1T 2 T R(T + T ) 3 T 4 T1 2 2 3 3 4

(P + P ) P5

1 V - (39)s (T +T) 5 T'
4 1 5

where Vi, Pi, and Ti are the average values over the respective regions.
In VR and Vs, the arithmetic averages of the "end point" values are assumed
to be adequately representative.

6. 3. 2. Pressure Loss (or Flow) Equations

The main helium circuit is closed, so the total pressure decrease
around the circuit is the pressure decrease induced by losses only and

hence can be represented (as shown in Volume II) by

K. K. T.
A rjl -rj i 1

1 P.
. 1

where M is the ratio of actual flow rate to rated flow at full power, the K.
are the pressure loss coefficients typical of each component, and r is the
exponent of mass rate chosen for Ti in 0 R and for P in psi. The summation

is taken over all components which make up the circuit. In terms of the
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regions and nomenclature used for Eq. (39), two equations are recognized,

one for the region including the reactor and the other for the region including

the steam generator. These are, respectively,

r T2 (2 + 3 T3 T5
P p =P3 +K2P +R(P K+P)+ K3PP , (40)

2 333

" s T4 (T + T1) T

P- P = 1 -+K+ K -- -(41)
P4 - 1 =M 4 P4 s (P4 + P1) + 1 P1()

44 4 ) 1

6. 3. 3. Power Balance Equation

The power taken from the coolant stream by the turbine is used to
cool bearings WB, and to drive the compressor (T3 - T4 )f. Represented as
a linear equation in terms of temperature differences, the power balance
equation becomes

T2 1 3-4) f - WB , (42)

where the factor f accounts for any decrease in power output from the

turbine to the input of the compressor.

6. 3. 4. Compressor Power Equation

The compressor power equation is expressed in terms of temperature

rise,

p2
T2 -T = --- - -1 , (43)

c _ 1.

where the exponent is expressed as a parameter g, for generality and

simplicity. g is normally equal to (y - 1)/y, where y is the ratio of specific
heats for the gas being compressed.

6. 3. 5. Turbine Power Equation

The turbine power equation is also expressed in terms of temperatures,
the temperature drop through the turbine,

Pg

T - T = 3T 1 - -- (44)3 4 t 3 3

and the exponent is also expressed as a parameter g, for generality and

simplicity.
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6. 3. 6. Turbine Mass Flow Equation

The turbine mass flow characteristics are presented in Fig. 57. Two
particular features of these characteristics are observed:

1. The influence of the turbine rotational speed (N) on the charac-
teristics is definite, but relatively small.

2. During operation at various values of mass flow, the operational
speed KNo changes, so from an operational point of view the
family of curves can be represented as a cross-plot.

Feature 2 is an approximation which represents the entire family of
characteristics with sufficient accuracy because of Feature 1.

This "operational" characteristic can then be expressed by the single

power equation

n

S= a P + 1 , (45)
4 3

where a and n are parameters determined by the design of the turbine and
hence are constants in this analysis.

6. 3. 7. Compressor Mass Flow Equations

Compressor mass flow characteristics are presented in Fig. 58. It
is observed that these characteristics are considerably affected by rotational

speed N, and in contrast to the turbine characteristics cannot be represented

by a single equation.

These characteristics are put into the form of two equations as
follows:

n m

P2 N 1_N1 = -a --- l + b , (46)
21N 1 1

1 1 1

For a given compressor design, the parameters a , aT, nT, n , mp,
mT are constant.
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6. 4. PROCEDURE FOR DETERMINING STATIC STABILITY

6. 4. 1. Specific Flow Circuit Characteristics

Equations (39) through (44) comprise a system of six equations in the

nine variables T1 , T2 , T3 , T4 , P1 , P2 , P 3 , P 4 , and M,and the parameters

r, s, K1 , K2, K3 , K4 , KR, Ks, V1, V2 , V 3, V 4, VR, Vs, 'ic' fit, g, R, M,f,
and WB. If only small changes in .M away from equilibrium are assumed,
then changes in the Reynolds number and Mach number of the flow can be
considered insignificant and the parameters r, s, and K. can be considered
constant. Also, over small changes in 1MI, ?cI it, f, ana WB can be con-
sidered constant. Finally,with a given gas, g and R are also constant, so
for present purposes all parameters are considered constant.

The temperatures T1 and T3 are determined by a combination of
(1) the rate of power removal from the steam generator and (2) the control-

rod position within the reactor core. Then if T1 and T3 are taken as
independent variables, the six equations (39) through (44) can provide
solutions for T2 , T4 , P1 , P2 , P3 , and P4 as functions of the mass flow
rate M, and the temperatures T and T3'

Of particular interest for this stability and control analysis are
(1) the pressure ratio required across the turbine by the conditions imposed
by the circuit design through the parameters, expressed mathematically as

P3

- = f (T1, T ,)M) ; (48)Pt 1' 3'
required

and (2) the corresponding pressure ratio required across the compressor,
expressed mathematically as

() f (T, T3, M) .
(49)

Equations (48) and (49) thus express the conditions at the turbine or
compressor which must be met if the coolant circuit of the turbocirculator
is to operate at T1 , T3 , and M. These then represent specific flow circuit
characteristics.

6. 4. 2. Static Stability from Turbine Characteristics

Equation (45) expresses the turbine available pressure ratio (P3 /P 4 )
i. e., the pressure ratio which is typical of the turbine as a function of the
flow variables T3 , P 3 , M and the turbine characteristic parameters n and a.



114

For a given set of T1 , T 3 ,and P3 , the flow rate M, is determined
for the equilibrium conditions where

-- =- -3(50)
P4 4

required available

For constant T1 , T3 , and P3 and from the nature of Eqs. (45) and (48), if
M is greater than that required for equilibrium and if the (P3/P4)required
is greater than (P3/P4) ailble the turbocirculator and hence M will tend
to decelerate and hence return to the equilibrium M. Accordingly,
the turbocirculator system would be statically stable. Otherwise, it would

be either neutral or divergent, e. g., statically unstable.

6. 4. 3. Static Stability from Compressor Characteristics

Equation (46) expresses the available pressure ratio, (P2 /P 1'available'
across the compressor as a function of the flow variables M, T1 , T2 ,

P1 as well as the compressor characteristics a , bp, np, mp and the.
turbocirculator rotational speed, N. This introduces an additional variable,
N, so Eq. (47) in T 2 /T 1 must be included in order to obtain a solution.
Thus, from Eqs. (46) and (47), the pressure ratio available is determined.

Again, equilibrium is established and M determined where

(-) =.--(51)

1 available 1 required

Also, for cases with M greater than necessary for equilibrium and
if (P2/P1)required is greater than (P2/Pl)available the turbocirculator,
N and M will tend to decrease and the system will be statically stable.
Otherwise, it will be either neutral or divergent, e. g. , statically unstable.

6. 4. 4. Comparison of Turbine and Compressor Approaches

The static stability can be determined using either the turbine or the
compressor approach. The former has the advantage of simplicity. The
latter requires an additional equation to determine the rotational speed,
which adds to the mathematical difficulties but does give the rotational
speed, which is useful for other purposes, such as details of design of
the turbocirculator units, and would be essential in a study of dynamic

stability.
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For this initial investigation of inherent static stability as a prelimi-
nary approach to the study, the turbine approach is used.

6. 5. NUMERICAL SOLUTION OF FLOW EQUATIONS

Except for the efficiencies -9c and 9t, Eqs. (39) through (44) are
independent of either turbine or compressor characteristics. For the

operational conditions under concern in a turbocirculator application,

Ec and nt are nearly constant over broad ranges of M and can be
assumed constant for this study. Accordingly, Eqs. (39) through (44)

afford a means of reducing the problem to a determination of all
pressures, P1 , P2, P 3 , and P4 , and temperatures T2 and T4 as a
function of M with T 1 , T 3 ,' rc, and at as constant parameters, but

without the more specific characteristics of the compressor and

turbine.

Of special importance here is the pressure ratio required across the

turbine which will be consistent with the mass flow through the turbine.

This is termed (P3/P4)required. A curve of typical results is shown in
Fig. 59 for the parameters shown in Table 4.

Table 4

PARAMETERS USED IN ANALYSIS

M = 800lb V1 = 800 K1 = 0. 30
g = 0. 400 V2 = 3300 K2 = 0. 20
r = 1. 950 V3 = 640 K3 =0.18
s = 1. 970 V4 = 700 K4 = 0. 036
R = 386.0 V5 = 4340 K5 = 1. 442
P 5 = 480 VR = 4 0 0  KR = 1.12

c = 0. 88 Vg = 1100 Ks = 0. 480
a = 13.64
T5 = 1386. 3

T= 0. 90
n =2.14

In a similar manner, the pressure ratio available from the turbine,

(P3/P4) , is determined from Eq. (45) as a function of M with T3
and P3 as constant parameters. This is calculated separately from the
procedure just mentioned. A curve of this ratio is also shown in Fig. 59.

Equilibrium will occur when the available and required pressure

ratios are equal as required by Eq. (51), i. e. , at a value of I where the
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Fig. 59--Typical plots of turbine pressure ratio as a function of
mass flow fraction
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curves intersect on Fig. 59. Thus, the equilibrium operation point is

obtained graphically from the intersection of these curves. Or the combined
equations can be programmed on the computer and the equilibrium point

calculated directly.

The graphical, or separate-solution, procedure gives additional
information. From the curves in Fig. 59, for example, for perturbations
in mass flow rate, i. e. , for small changes in mass flow rate away from

equilibrium, it is noted that-the unmatched condition either tends to return

the system to equilibrium or to cause it to diverge away from equilibrium.
The relative slopes of the two curves thus are a measure of the static
stability of the system. For example, the curves in Fig. 59 show that for
a small increase in I11, say OM, greater than the equilibrium value, Me,
the pressure ratio, P3 /P 4 , required to maintain flow at Me + AM is greater
than that supplied by the turbine, i. e.,

3)3

4 required 4 available

In this situation the flow rate M will tend to decrease toward Me. For a
decrease in flow rate, -AM from Me, the reverse follows, and accordingly
it is found that for any perturbation AM away frona the equilibrium value,
Me, the turbocirculator has a tendency to restore itself to the original
equilibrium condition. This then satisfies the condition for static inherent
stability for this particular set of parameters.

Numerical calculations were extended to a number of such sets of
parameters representing various operational conditions of M, T1 , T3 , for
example. In this preliminary study, however, calculation of parameters
representing the complete operational circumstances required to establish

that the turbocirculator unit as installed would be stable for all such
operational conditions was not carried out. Hence, it was not determined
that the turbocirculator unit in the TARGET reactor design was stable for
all necessary conditions. Rather, representative samples of sets of
parameters were calculated, which showed that for a wide range of circum-

stances it is possible to design a turbocirculator unit which, when installed,
would be inherently stable statically.

No attempt has been made as yet to extend the analysis and calculation
to multi-loop designs or to include any dynamic analysis, both of which
must be included in any satisfactory turbocirculator unit stability and

control analysis.
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6. 6. PARAMETERS FOR CONTROL

The essential item of control for the reactor and hence for the turbo-

circulator unit is the mass flow rate, M.

Equations (48) and (49), for the more general expression for the
pressure ratio, P3 /P 4 , implicitly give M as a function of T1 and T3 . Since
these two temperatures can be simultaneously controlled indirectly by
controlling (1) the steam heat removal rate in the steam-electric generating
section of the reactor, and (2) the heat generation rate in the core by
control-rod positioning, they are potentially means for controlling M in
the turbocirculator unit and hence the reactor.

If T 1 and T 3 are to be used as controlling parameters for M, the
functional relation between Tj and T3 on the one hand and M on the other
should be sufficiently determinant that M is reasonably sensitive to changes
in T1 and T 3 in order that M will be responsive to these temperature
changes, but not so sensitive that any minor and uncontrollable fluctuations
in' T1 or T3 will produce large excursions in M. K as a function of the
temperature ratio T 1 /T 3 is shown as a curve in Fig. 60. If this curve had
had zero slope, i. e. , if M were constant as TI/T 3 is varied, the mass
flow would of course be the same regardless of the temperatures. This
would offer no means for control of Ki. On the other hand, a finite slope
for the curve, such as shown in Fig. 60, indicates a one-to-one relation
between M and T1 /T 3 . The degree of this slope indicates that T1 and T3
can possibly be used as the means of control for M in the turbocirculator
unit.

This latter condition, while necessary, is not necessarily sufficient.
Sufficiency can only be determined by inclusion of (1) a dynamic stability
analysis of the turbocirculator unit as discussed before (for the case with
T j and T3 constant) and (2) a dynamic stability analysis including T 1 and T3,
each separately and dynamically variable. The latter would include the
intercoupling between the M variations and T1 and T3 (since transient
changes in M introduce transient changes in T 1 and T3 ).



119

1.4

1.2

1.0

.z

2 0.8-zO

(.) 0

0 0.6-

0 T = 1960OR
0.4 _3

5 T3= 1860*R

0 T3 = 1760 R

0.2f

0
1.52 1.54 1.56 1.58 1.60 1.62 1.64 1.66

T3

T1i

Fig. 60--Mass flow fraction as a function of T3/ T1



7. DEVELOPMENT PROGRAM

Although the turbocirculator design is within current technology,
both mechanically and aerodynamically, a development program is required
to accomplish the following objectives:

1. Proof of the successful solution of all the mechanical and aero-
dynamic problems prior to installation in a reactor plant, where
shut-down time or an extensive shakedown period carries severe
economic penalties. This implies a test facility for operating a
prototype turbocirculator under full-scale pressure and tempera-

ture conditions. Full-scale testing at design conditions is
required for a period of sufficient duration to determine the so-
called burn-in period of the reliability curve, i. e., the point at
which the design life of the components can be expected to
determine the life of the machine.

2. The development of the components of both the turbocirculator
and its accessory system to the performance level required to
obtain design objectives.

3. The development of the turbocirculator to the performance
requirements of the TARGET power plant.

4. The establishment of design data in those areas in which empir-
ical methods have economic and technological advantages.

Selection of the details of a development program for a particular

machine or system is, in general, the prerogative of the management

responsible for it and reflects the background, experience, resources,

and facilities of both the individuals and companies who do the work. How-
ever, in the case of the turbocirculator, since the development program
is the major item of program cost upon which the basic decision on the
machine and its desirability for the TARGET plant will be made, a schedule
and estimate of the program required and the preliminary design of the test
facility for accomplishing full-scale operation were performed as part of

the study.

7. 1. PROGRAM AND SCHEDULE

The recommended development program consists of seven phases
which are scheduled as shown in Table 5. Although the phases are

120
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functionally keyed to each other, the over-all program calendar time can

be reduced by 12 months without a cost penalty. However, further reduc-

tion in time would result in an increase in both budget and risk.

7. 1. 1. Phase I - Vendor Development, Selection, and Management

The objectives of Phase I of the program are as follows:

1. Qualification of vendors from whom an optimum selection can

be made for the design development and manufacture of the

turbocirculator.

2. Preparation of the qualified vendors for the program proposal.

3. Selection of the vendor for the program.

4. Management, control, and review of the program.

The proposed schedule for Phase I is shown in Table 6.

An important and necessary result of the vendor proposals will be

the projected production costs of turbocirculators for various pumping
powers which will be required in the optimization of the plant design.

During this phase sufficient work will be done to allow an accurate
assessment of the relative advantages of the turbocirculator and the series

steam turbine. If the advantages of the turbocirculator do not appear to

justify the research and development expenditures, the remaining phases
of the program will not be carried out.

7. 1. 2. Phase II - Turbocirculator System and Methods Development

The objectives of Phase II of the program are as follows:

1. Performance analysis and system integration of the turbocirculator

with the reactor power plant.

2. Determination of the part-load performance of the system.

3. Investigation of different methods of control, such as inventory,
gas temperature ratio, gas bypass, and power trimming.

4. Investigation of starting methods, including both electric motor
and gas jet.

5. Determination of the effects of parallel flow circuits on stability
and control of the turbocirculators.



Table 5

SUMMARY OF TURBOCIRCULATOR DEVELOPMENT PROGRAM

FY 1 FY 2 FY 3 FY 4 FY5_FY 6_FY 7

Vendor Development

System Development

Design

Component Development

Prototype Manufacturing

Prototype Development

Prototype Rework

___ __ r __

* I -

Table 6

PHASE 1 - VENDOR DEVELOPMENT

FY1 FY 2 FY 3 FY 4 FY 5 FY6

1. 1. Vendor Development

1. 1. 1. Solicitation

1.1.2. Response

1. 1. 3. Request for Proposal

1.1.4. Proposal Due

1. 1. 5. Selection

1. 1. 6. Program Initiated

1. 2. Vendor Liaison and Support

1. 3. Vendor Selection

1. 4. Proposal Evaluation

Phase

Phase

Phase

Phase

Phase

Phase

Phase

1.

2.

3.

4.

5.

6.

7.

N~
N
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6. Stability of the system.

7. Development of methods for the design of the static aerodynamic
passages, such as the diffusers and inlets of the turbomachinery
in the reference design.

The proposed schedule for Phase II, which will be accomplished by

General Atomic, is shown in Table 7. The major task and work envisioned
in this phase is analytical and will be divorced from the vendor design and
development program, which is concurrent with this phase.

7. 1. 3. Phase III - Design

The objectives of Phase III of the program are as follows:

1. Final aerodynamic and.mechanical design of the turbocirculator.

2. Release of detailed drawings for the manufacturer of the prototype
machines.

3. Design of the required tooling necessary for manufacture of
prototype machines.

This phase will be accomplished by the vendor selected in Phase I
according to the estimated schedule shown in Table 8.

7. 1. 4. Phase IV - Component Development

The primary over-all objective of Phase IV is the development of the
various aerodynamic and mechanical components and subsystems to the
required performance specifications, which can be broken down as follows:

1. Aerodynamic Components

1. 1. Static aerodynamics, including inlets, diffusers, ducts
(water model).

1. 2. Rotatin' cascades (air or water model).

2. Mechanical Components

2. 1. Bearing and seal system to include integral pumps, bear-
ings, and seals.

2. 2. Oil and gas separating system.

2. 3. Rotor inertia simulation system.



Table 7

PHASE 2 - TURBOCIRCULATOR SYSTEM DEVELOPMENT

FYI FY2 FY3 FY4 FY5 FY6

2. 1. Performance Analysis and System Integration

2. 2. Static Aerodynamic Design Method Development

2. 3. Development Methods Investigation

Table 8
PHASE 3 - DESIGN (VENDOR)

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May June

3.1. Design Program Manufacturing

3. 1. 1. Aerodynamic Design

Compressor

Turbine

Inlet and Diffuser

3. 1. 2. Mechanical Design

Layout

Stress Analysis

Subsystems Component

Detailing

3. 1. 3. System Performance -

and Control Studies

3. 1. 4. IBM Machine Time

N
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The schedule for Phase IV is shown in Table 9. The details may
vary to reflect the experience, background, and facilities of the selected
vendor.

7. 1. 5. Phase V - Prototype Manufacturing

The schedule for Phase V is shown in Table 10 and was estimated
without recourse to any vendor. It assumes some tooling and overlap
with the component development program. Two machines are deemed
sufficient for the prototype development.

7. 1. 6. Phase VI - Prototype Development

The objectives of Phase VI of the program are as follows:

1. Design of a facility for the full-scale testing of the prototype
turbocirculator with helium at the pressures and temperatures
of the TARGET reactor plant.

2. Construction and shakedown of facility.

3. Sufficient testing to determine the burn-in period (the attainment
of the basic machine reliability).

4. Proof of achievement of performance specifications.

The cost and schedule for Phase VI, shown in Table 11, were deter-
mined from a facility investigation which resulted from the preliminary
design made at General Atomic and described in the next section. The
costs were based on proposals solicited from vendors for the various
components and General Atomic estimates of the erection and operation
costs in the San Diego area. Reductions of the operating expense are
possible in areas of lower fuel costs. Further capital cost reduction would
be possible with an alternative design employing an electric heater if the
electrical energy charge's could be more attractive. The estimates include
the cost of the complete facility and its estimated operational costs.

7. 1. 7. Phase VII - Delivery of Turbocirculator for Prototype
Reactor

It was as sumed that the development machines would be reworked and avail-
able for the prototype reactor plant. The schedule for this phase is shown in Table 12.

Further amplification of the development program is required in two
basic areas: full-scale testing, because it represents the major cost of
the entire program leading to a prototype machine, and justification of the



Table 9

PHASE 4 - COMPONENT DEVELOPMENT (VENDOR)

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apt Ilay Jun Jul Aug Sep Oct Nov Dec

4. 1. Aerodynamic Components

4. 1. 1. Static Aerodynamics

Inlets. Diffusers

Water Model

Test Design

Procurement

Manufacturing

Installation

Test Program

4. 1. 2. Rotating Cascades

(water or air)

Test Design

Test Rig

Procurement

Adaptation

Construction

Test Hardware

Manufacturing

Assembly

Test Program

4'. 2. Meclr'anical Components

4. 2. 1. Integral Pumps

(bearing-seal system)

Test Design

Test Rig

Procurement

Manufacturing

Test Hardware

Manufacturing

Assembly

Test Program

- * - I - * - -

I I I I i i I i



Table 9--continued

FY 3FY4 4

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

4. 2. 2. Bearings and Seals- -

Test Design I 

Test Rig

Manufacturing

Procurement

Assembly

Test Hardware ...

Manufacturing

Assembly

Test Program

4.2. 3. Oil-Gas Separation

Test Design

T es t Rig I....
Manufac turing e1

Pr ocurementI
Assembly [IN

Test Hardware and Materials

Test Program

4.2. 4. Rotor Assembly

(inertia simulation)

Test Design

Test Rig

Manufacturing

Procurement

Assembly

Test Hardware and Materials

Test Program



Table 10

PHASE 5 - PROTOTYPE MANUFACTURING

FYY
Jan IFeb Mar IApr IMay JunpI Jul IAus ISe

FY

Oct INovI IDec Jan
p --.-4-.-F---t--4- -.-r- -.-f--.-y u4

5. 1. Tooling

5. 2. Advanced Manufacturing, . ...

Procurement of Long Lead

Items

5. 3. Manufacturing (2 machines)

5. 4. Assembly

5. 5. Recycle Development Program

Support to Prototype

Manuiac turing

5. 6. Design Support to

PrototypeManufacturing

- T t~ r-----

6. 1. Facility Design

6. 2. Procurement and Manufacturing

6. 2. 1. Heater

6. 2. 2. Pressure Vessel

6. 2. 3. Regenerator

6.2.4. Cooler

6.2.5. Piping

6. 2. 6. Water System

6. 2. 7. Electrical and Instrument

6. 2. 8. Structures and Foundatior

6. 3.

6. 4.

b.5.

Erection

Shakedown

Test Program

Cost

$1,300, 000

264, 000

650, 000

35, 000

544, 000

40, 000

100, 000

72, 000
$3,005. 000

Jul-Sep 1Oct-DecI

Table II
PHASE 6 - PROTOTYPE DEVELOPMENT

Y4 - FY 5 FY6

Jan-MarI Apr-Juu : Jul-Sep I Oct-Deci Jan-Mar IApr-Jun' Jul-Sep I Oct-Dec I Jan-Mar Apr-Jun
" 

I --+ I I

L I i & .1 ._ L

Table 12
PHASE 7 - DELIVERY OF TURBOCIRCULAR FOR PROTOTYPE PLANT

FY FY 7

- * I - U S-

N
OD

Jul-Sep Oct-Dec Jan-Mar Apr-Jun Jul-Sep Oct-Dec Jan-Mar Apr-Jun

7. 1. Rework and Recondition of

Two Prototype Machines

for Prototype Plant

- I I

Feb Mar An r M Jun
n

I .
I
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component development rigs, because of their influence on the schedule

and complexity of the entire program.

7. 2. FULL -SCALE TEST RIG

As was previously pointed out, the requirement for the full-scale

test rig results from consideration of the risk involved in using a machine
in a plant in which delays encountered during shakedown of the machine
carry extensive economic penalties. This is a direct consequence of the
size and cost of the entire plant and the fact that any delay in the achieve -
ment of full plant output must affect the entire investment in the plant which
is expended at the time of the shakedown tests. Furthermore, the nature
of nuclear plants in general and this integrated design in particular makes
adjustments and modifications to components of the plant difficult. It is
therefore the purpose of this section to describe the preliminary design
and cost estimate of the test rig which will be used to test the turbocircu-
lator at the design conditions of flow, pressure, and temperature as well
as system stability and control.

The most significant features of the test loop are its size, which is
dictated by the flow and pressure characteristics of the turbocirculator;
the large amount of heat required to simulate the gas temperatures of the
actual plant; and the need for a closed loop to contain the high-temperature,
high-pressure gas. The principal equipment costs were the closed loop
components: heater, regenerator, cooler, piping, and pressure vessel.
In addition, there is the requirement to keep the pressure loss character-
istics of the test loop below that existing in the actual plant, since the

turbocirculator is designed to overcome only that system resistance. It
is also necessary to design the test rig so that the configuration of the
turbocirculator for the TARGET plant does not require modification before

being installed for testing.

The scale or model testing of the machine was considered, and a

number of different possibilities exist. Thermodynamically, the full-size
machine can be simulated at the same temperature ratio with air as with
the fluid, which leads to a simple and comparatively inexpensive test rig
if use is made of a low-temperature sink such as ground water. This

model, however, will not provide any assurance that all of the mechanical
and operative problems of the machine have been solved prior to reactor
plant installation. On the other hand, although operation of a reduced-
scale turbocirculator at the plant temperature and pressure conditions and
with the actual coolant gas would provide assurance of the solution of the
problems associated with the scale model, there is still risk in increasing
to the size of the actual plant machine. For these reasons, a full-scale
test rig was investigated.
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The test rig simulates the thermodynamic system shown in Fig. 61,
which is a closed regenerative Brayton cycle. The heated gas expands
through the turbine driver and is cooled in the hot side of the regenerator
and cooler before entering the compressor,where it is compressed. The
gas then enters the cold side of the regenerator, where it is heated by the
turbine discharge gas. It next flows into the heater, where it is heated to
the required turbine inlet temperature. The actual plant system compo-
nents are simulated thermodynamically in the test rig. The reactor by the
heater and the hot side of the regenerator, the steam generator by the
cooler and the cold side of the regenerator, and the additional flow losses
in the reactor primary circuit caused by the losses in the components of
the test rig plus the additional losses as required by the valve shown
although a suitable orifice will be used in the actual installation.

Three different designs were investigated in which the turbocirculator
is identical to the machine for the TARGET reactor plant and is therefore
a prototype:

1. The separate components connected to each other by piping and
employing a gas -fired heater and water-cooled cooler. This
design is shown in Figs. 62a and 62b.

2. The individual components arranged so that the turbocirculator,
regenerator, and cooler are all within a single containment
vessel which is connected by piping to eight gas -fired heaters
arranged around its periphery, as shown in Fig. 63. Figure 64
shows a different heater arrangement.

3. A concept similar to (2), except that electrical heating elements
would replace the gas heaters, which would allow all of the test
rig components to be integrated within the pressure vessel.

In system (2), eight gas -fired heaters are used, located around the
periphery of the pressure vessel and connected to two plenum chambers
within the pressure vessel. The gas flows from one of these plenum
chambers to the heaters, where it is heated and returned to the other
plenum, from which it flows into the turbine component of the turbocirculator.

The regenerator consists of vertical tubes located within an annulus
inside the pressure vessel so that the turbine discharge gas makes three
passes before entering the cooler. The gas then bathes the entire shell
before entering a plenum opening to the compressor inlet. The compressor

discharge is within a central core entering a diffuser which is shown termi-
nated at the bottom head of the pressure vessel which acts as a plenum for
the cold side of the regenerator which is on the inside of the tubes. The
tubes terminate in a plenum from which they hang and to which are con-
nected the inlet pipes to the heaters.
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REGENERATOR

F77171r
CUULERLffiu riI

VALVE

FLUID: HELIUM

FLOW RATE (LB/HR) 1.43x106

DESIGN PRESSURE (PSIG) 455

EQUIPMENT SPECIFICATIONS

REGENERATOR

CAPACITY (BTU/HR) 1.064x109

TEMPERATURE IN (F)
TEMPERATURE OUT (F)
OPERATING PRESSURE (PSIG)
MAXIMUM PRESSURE DROP (PSI)

COOLER

CAPACITY (BTU/HR) 354x106

TEMPERATURE IN (F)
TEMPERATURE OUT (F)
OPERATING PRESSURE (PSIG)
MAXIMUM PRESSURE DROP (PSI)

HEATER

CAPACITY (BTU/HR) 354x106

TEMPERATURE IN (F) 1300
TEMPERATURE OUT (F) 1500
OPERATING PRESSURE (PSIG) 433
MAXIMUM PRESSURE DROP (PSI) 2.5
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Fig. 61--TARGET turbocirculator test loop
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Wj

Oro r KJOaI LOO'r

TVae 4\

Nb'c

aYt

sb'c ccnc. s{O'c

rItC31A1i

Too

SC4lMSuT 1C-NO SC Ib

Ma lTStw 04!6X314



133-134

MlwT4

111 T aR

-- y I TVRM\1{

7 \ 1.10" '

\ Rl4aYlaAtOa

TVfpO cacutATOe 
co.Laa

-i Rauaaa t Oa

i i - +
1 I

.Ra vRG V111{L 
$C 1EMAI IC - 40 1Gu"

M. atltlM i fN 01\4

COO%.aR

QO

PLAN
fur+oa 1"wctuaG 1 xwrro o\w1a
".1oz 1NOw..+ j /

/ aaCTY.a1Awa OuCt"YO

1 uRaa {RCU\ OR uaa0 CRGVV Oa

NawT
II +ua.wa w' 1..

/ J aau..aa..ea t .aT j t W44

r

. J

a0w 0001.t1

/ RC1wM4WR OVGT\YG

cocla. - 0.

4.4. 
ouTtaT

C 

V--"V L _

A
.falluaa va11a

.aavauea va aa

cTCo'& A-A1ur.{ --,7 -,-. - ..0C.0P0VWOT a -ou 1

Fig. 62b--Preliminary layout No. 2 for turbocirculator test loop
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Based on the system operating conditions indicated in Fig. 61,
equipment specifications were written and price estimates were obtained
from vendors. Cost and engineering considerations show system (2) to be
the most promising.

Because the turbocirculator is a continuous-operating long-life
machine, the cost of testing it involves a balance of equipment and fuel
costs. Figure 65 shows the relative costs of purchased equipment and
fuel for test periods of 1100 and 10,000 hr as a function of heater, cooler,
and regenerator capacity. Figure 65 applies to system (2) with 10, 000-hr
design life equipment. A comparison of costs for systems (2) and (3) is
also shown in Fig. 65 for equipment of the same heat transfer capacity.
As Fig. 65 indicates, system (2) has the greater equipment cost and
system (3) the greater fuel cost. The total cost of testing for 1100 hr is
approximately the same for each system.

To summarize, system (1) is most costly because of required high-
temperature pressure vessels (turbocirculator manifold and housing,
regenerator housing, etc.), piping, and expansion joints fabricated of hot-
strength materials with refractory linings, and insulation. Testing
limitations which may be imposed by the electric power supplier make the
usefulness of system (3) questionable and the cost per test hour for this
system uncertain.
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Fig. 65--Cost comparison for turbocirculator tests






