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EFFECT OF OPERATING PARAMEJERS ON N U  POWER OUTPUT 


OF A 2- TO lO-I<ILOWATT BRAYTON ROTATING UNIT 


by  Robert Y. Wong, H u g h  A. Klassen, Robert C. Evans, and  Char les  H. Winz ig  


Lewis Research Cen te r  


SUMMARY 


As par t  of a n  investigation of the application of the Brayton cycle to space electric 
power generation, a single-shaft turbine-compressor-alternator package designed for  
operation on gas bearings has been under investigation at the NASA Lewis Research 
Center. This package was designated the Brayton rotating unit (BRU) and was operated 
as part of a closed laboratory loop over a wide range of operating parameters.  

The resul ts  indicated that the net power output (gross alternator power minus power 
to excite the shunt and series fields) of the BRU in the laboratory loop varied from 
3.6 to  13.6 kilowatts at design inlet temperatures to  the turbine and the compressor of 
2060' and 536' R (1144 and 298 K), respectively. This variation in power was obtained 
by varying the system pressure level, measured at the compressor outlet, from 15 to 
45 psia (9.8 to  31.0 N/cm 2 abs), respectively. 

The  BRU was operated with a turbine inlet temperature of 1660' R (922 K) to simu
late operation with the SNAP-8 reactor. Reducing the turbine inlet temperature from 
2060' to  1660' R (1144 to  922 K) resulted in a 50-percent decrease in BRU net output. 

The  molecular weight of the working fluid was varied from 83. 8 to 40. For this 
range of molecular weight, with constant compressor outlet pressure,  the BRU net out
put decreased 24.7 percent. 

INTRODUCTION 

The NASA Lewis Research Center is investigating the application of the Brayton 
cycle t o  space electric power generation. A s  part of this program, a single-shaft 
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turbine-compressor-alternator package, designated the Brayton rotating unit (BRU) was 
designed and manufactured under contract for testing at the Lewis Research Center. 
The BRU was designed for  operation on gas bearings and a mixture of helium and xenon. 
This mixture was specified for the system working fluid because of its heat-transfer 
properties (ref. 1). A molecular weight of 83.8 for the mixture was  specifically chosen 
to  be the same as krypton so that the aerodynamic properties, such as flow rate, equiv
alent speed, compressor pressure ratio, and specific work, would be identical for both 
fluids. Thus, krypton, which is less costly than the mixture, could be used for the 
testing of the machine a t  the s a m e  mechanical speed as that required by the mixture. 

The BRU was designed for operation at a turbine inlet temperature of 2060' R 
(1144 K). Testing of the BRU at this temperature was conducted in a hot closed-loop 
test facility. The first hot tests were made with working fluids of krypton and argon 
(ref. 2). The total operating t ime was 525 hours. Testing with the design mixture of 
helium and xenon consisted of approximately 475 additional hours of operation for which 
the turbine inlet temperature (1460' to 2060' R or  811 to 1144 K), the compressor inlet 
temperature (510' to  580' R or  283 to 322 K), the compressor outlet pressure (15.0 to 
45.0 psia or  10.3 to 31.0 N/cm 2 abs), and the BRU rotor speed (36 000 to  37 000 rpm) 
were  systematically varied. These variations in operating parameters resulted in a 
large variation of net power output. Net power output is defined herein as the gross 
alternator power minus the power consumed to  excite the field windings to obtain ap
proximately 120 volts line to  neutral. The purpose of this test was to determine the 
performance of the BRU and to  accumulate a total of 1000 hours of running time. 

This report  presents the variations in net power output of the BRU in the laboratory 
loop as it was affected by changes in operating parameters.  A l so  included is the effect 
on net power output of varying the molecular weight of the working fluid from 83.8 to  
40 with a nominally constant mechanical speed of 36 400 rpm, an inlet temperature to 
the turbine of 1960' R (1089 K), and an inlet temperature to  the compressor of 540' R 
(300 K). 

BRAYTON ROTATING UNIT DESIGN CONDITIONS 

T u  rbomachinery 

The 10.5-kilowatt design operating conditions for the BRU turbomachinery are as 
follows: 
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Working fluid . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Helium-xenon mixture 
Working fluid molecular weight . . . . . . . . . . . . . . . . . . . . . . . . . . . .  83.8 
M a s s  flow rate ,  lb/sec (kg/sec) 

Turbine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.31 (0.594) 
Compressor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.32 (0.599) 

Turbine inlet temperature, OR (K). . . . . . . . . . . . . . . . . . . . . . .  2060 (1144) 
Turbine inlet pressure,  psia (N/cm 2 abs) . . . . . . . . . . . . . . . . . . .  43.2 (29.8) 
Turbine total- to  static-pressure ra t io  . . . . . . . . . . . . . . . . . . . . . . . .  1.75 
Compressor inlet temperature, OR (K) . . . . . . . . . . . . . . . . . . . . .  540 (300) 
Compressor inlet total pressure,  psia (N/cm 2 abs).  . . . . . . . . . . . . .  23.7 (16.3) 
Compressor total-pressure ra t io  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.9 
Shaft speed, rpm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  36 000 

The difference in turbine and compressor mass  flow ra te  resul ts  from the fact that ap
proximately 2 percent of the compressor flow is bled into the bearing housing to maintain 
bearing ambient pressure.  

A l t e r n a t o r  

The 10.5-kilowatt operating conditions for the alternator a r e  as follows: 

Power, k W .  . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  10.5 
Power f a c t o r .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.85 
Frequency, H z  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1200 
Liquid coolant flow, lb/sec (kg/sec). . . . . . . . . . . . . . . . . . . . . .  0.12 (0.054) 

Gas Bear ings  

The 10.5-kilowatt operating conditions for the gas bearings a r e  as follows: 

Lubricant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Helium-xenon mixture 
Temperature, OR (K). . . . . . . . . . . . . . . . . . . . . . . .  815 to 880 (450 to 489) 
Ambient pressure,  psia (N/cm 2 abs)  . . . . . . . . . . . . . . . . . . . . .  42.6 (39.4) 

BRAYTON ROTATING UNIT AND TEST FACILITY DESCRl PTlON 

A schematic drawing of the experimental tes t  facility is presented in figure 1. The 
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Heaterr -7 
Gas cooler 

F igu re  1. - Experimental test setup. 

CD-10518-15 


Figure 2. - Schematic of BRU. 
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BRU is shown installed between the heater and the gas  cooler. The design working fluid 
is a mixture of helium and xenon with a molecular weight of 83.8 .  A schematic drawing 
of the BRU showing the salient features is presented in figure 2. There are two journal 
bearings and a double-acting thrust bearing all self-lubricated with the system working 
fluid. The compressor and turbine a r e  mounted on the  ends of a common shaft with an 
alternator between them. Descriptive and design information on the BRU and the tes t  
facility is given in reference 2. Descriptive information on the electrical system is 
given in reference 3. 

Inst  rumentation 

Instrumentation was provided to obtain net power output, total and static pressures  
and total temperatures at the inlet and outlet of the turbine and compressor,  and weight 
flow and molecular weight of the working fluid. 

Chromel-Alumel thermocouples were used to measure all temperatures. Strain-
gage pressure transducers were used to measure all pressures .  Data on performance 
of the turbine and compressor were determined from measuring stations near their inlet 
and outlet flanges. Each station contained a bare-spike total-temperature rake, static-
pressure  taps, and total-pressure probes. 

Compressor inlet weight flow was measured with a calibrated low-pressure-loss 
converging-diverging flow nozzle. Flow bled from the compressor discharge into the 
bearing housing to maintain adequate bearing ambient pressure  was measured with a 
calibrated rotameter. Alternator output w a s  measured with electrodynamometer-type 
wattmeters. 

The molecular weight of the working fluid was determined by use of a gas mass  
spectrometer. Speed was  measured with a capacitive-type pickup and s ix  0.050-inch 
(0.127'-cm) slots milled into the shaft. The frequency of the output wave from the pickup 
was measured with an electronic frequency counter. 

Procedure 

The BRU was operated using a mixture of helium and xenon with a molecular weight 
of 83.8 .  Because of the long period of t ime required to  start up and shut down, the 
system was operated continuously except for weekends. For all tests,  an electronic 
speed control was used to  maintain the speed nominally constant as a function of load 
(ref. 3). The power factor of the speed controller was 0.94 to 0.95 in the range of 
5 t o  15 kilowatts. 

5 


I 



IIIII I I1 I1 I 


The investigation was conducted in three phases. The first phase, called general 
performance, consists of independently varying the compressor output pressure,  the 
compressor inlet temperature,  the turbine inlet temperature,  and the rotor speed. The 
compressor outlet pressure was varied f rom 15.0 to 45.0 psia (10.3 to  31.0 N/cm 2 abs) 
in  increments of 2 .0  psi (1.4 N/cm 2), while the inlet temperatures to the turbine 
(2060' R or 1144 K) and the compressor (536' R o r  298 K) were held nominally constant. 

For tests where the inlet temperatures of the turbine and compressor were varied, 
two compressor outlet pressures  were investigated (25.0 and 42.0 psia or 17.2 and 
29.0 N/cm 2 abs). For each of these pressures ,  the compressor inlet temperature was 
varied from approximately 510' to 580' R (283 to 322 K) in increments of about 10' R 
(5.6 K), while the turbine inlet temperature was held nominally constant a t  2060' R 
(1144 K). For each of these pressures ,  the turbine inlet temperature was  varied from 
2060' to 1460' R (1144 to 811 K) in increments of 100' R (55.6 K), while the compressor 
inlet temperature was held nominally constant at 536' R (298 K). At a compressor outlet 
pressure of 45.0 psia (31. 0 N/cm 2 abs),  the turbine inlet temperature was also varied 
f rom 1660' to 2060' R (977 to  1144 K) in the s a m e  increments, and the compressor inlet 
temperature was 536' R (298 K).  A zero power point at approximately 36 000 rpm was 
a l so  established for the design value of compressor inlet temperature, a compressor 
outlet pressure of 26.0 psia (17.9 N/cm 2 abs),  and a minimum turbine inlet temperature. 

Up to this point in the testing, a limit of 465' F (241' C) w a s  placed on the winding 
temperature in the alternator. This limit was imposed on the basis of the life consider
ation of the insulating materials,  and it limited the net power output to about 13.5 kilo
watts. The temperature limit was raised to make a short-duration test at 15 kilowatts. 
This was accomplished by setting the compressor outlet pressure a t  45.0 psia 
(31.0 N/cm 2 abs), the compressor inlet temperature at 516' R (287 K), and the turbine 
inlet temperature at 2060' R (1144 K). This condition was held for a period of 5 hours 
to  achieve a steady-state operation. 

The variation in net power output as a function of BRU speed was investigated 
f rom 37 000 to 36 010 rpm. This was done with the nominal system net power output of 
15 kilowatts. Since the speed controller controls speed as a function of load, speed var
iations were accomplished by transferring balanced-three-phase load from the speed 
control to  a resistance load bank. The resistance bank was described as the system load 
in  figure 8 of reference 3 .  The speed was varied in increments of approximately 
200 rpm. 

The second phase of testing was conducted to determine net output for operation 
at temperature limits imposed by operation with a SNAP-8 reactor. This s e r i e s  of 
t e s t s  is called performance a t  SNAP-8 conditions. For  this series, the turbine inlet 
temperature was held nominally constant at 1660' R (922 K). The compressor inlet tem
perature was varied from 520' to 580' R (289 to 322 K) in increments of 20' R (11K). 
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At each one of these compressor inlet temperatures, the compressor outlet pressure 
was varied from 29.0 to 45.0 psia (20.0 to 31.0 N/cm 2 abs) in increments of 4 .0  psi 
(2.8 N/cm2). 

The third phase of this investigation consisted of varying the working fluid molecular 
weight f rom 83.8 to 40. This series of tests was completed during the krypton-argon 
phase of testing but was not reported. The molecular weight was varied by the dilution 
of krypton with argon during the switch over from krypton to argon reported in refer
ence 2. The compressor inlet temperature (540' R or  300 K), the compressor outlet 
pressure (26.0 psia or  17.9 N/cm 2 abs),  and the turbine inlet temperature (1960' R or  
1089 K) were held nominally constant. 

Tests of radial  turbomachinery research packages (ref. 4 and unpublished Lewis 
Research Center compressor r e sea rch  package data) have shown that the blade axial 
clearance has only a sma l l  effect on aerodynamic performance. Thus, it was decided to 
increase the axial clearance of the BRU to  give added assurance of adequate axial clear
ance. To a s s i s t  in the evaluation of the data, a measurement of the blade tip axial 
clearance was made. The minimum axial clearance in the turbine was 21. 6X10-3 inch 
( 5 4 . 9 ~ 1 0 - ~cm) and was 15. OX10-3 inch (38. M O - ~  cm) in the compressor.  At operating 
conditions, the axial clearance in the turbine was calculated to be 23. ' i ' ~ l O - ~inch 
(60. 2X10-3 cm) and in the compressor was 15. inch (39. lX10-3 cm). All t es t s  
were conducted with these values of clearance. The value of axial clearance for  the 

inch (25. cm) and for the compressor re-turbine research package was ~ o x ~ O - ~  
search package was 8X10-3 inch ( 2 0 . 3 ~ 1 0 - ~cm). 

RESULTS AND DISCUSSION 

A s  discussed in the INTRODUCTION, the purpose of this investigation was to deter
mine the performance of the BRU and to accumulate 1000 hours of operating time. This 
was accomplished by operating the BRU in the laboratory loop over a wide range of op
erating parameters.  The resul ts  of this investigation are presented in the following sec
tions: General Performance, Performance a t  SNAP- 8 Conditions, and Effect of Molecu
lar Weight Variations on Net Power Output. 

General  Per fo rmance 

Presented in figure 3 is the variation in BRU net power output in the laboratory loop 
with compressor outlet pressure.  For this series of tests,  a turbine inlet temperature 
of 2060' R (1144 K) and a compressor inlet temperature of 536' R (298 K) are nominally 
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constant at the design values. Shown also are the design goals for the BRU a t  three values 
of compressor outlet pressure,  a n  8-percent system pressure loss, and an alternator 
power factor of 0.85. As discussed in  the Procedure section, the power factor for  these 
tests was 0.94 to 0.95. The difference in power factor between the test and design con
ditions will change the alternator output by approximately 1.0 percent. 

Figure 3 shows that at 15.0 psia (10.3 N/cm 2 abs) the net power output is about 
3 . 6  kilowatts and increases to about 13.6 kilowatts at 45.0 psia (31.0 N/cm 2 abs). A t  
the design compressor outlet pressure of 27.0 psia (18.6 N/cm 2 abs), the net output is 
7 . 7  kilowatts as compared with the BRU design goal of 6.0 kilowatts. The BRU design 
goals at compressor outlet pressures  of 45.0 and 14.8 psia (31.0 and 9 .8  N/cm 2 abs) 
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w e r e  10. 5 and 2.25 kilowatts, respectively. Thus, the BRU net output in the laboratory 
loop exceeds the original BRU design goals by about 51 percent at the 2.25-kilowatt 
pressure level and by about 30 percent at the 10.5-kilowatt pressure level. 

The increase in power obtained from operation in the laboratory loop is primarily 
the result  of p re s su re  losses between the turbine and compressor being much lower than 
assumed in the design. A loss  pressure ratio of 0.92 was assumed compared with an 
actual value of 0.97 in the laboratory system. This difference resul ts  from the fact that 
no recuperator was used and piping was not laid out for compactness. This reduction in 
pressure loss shifted the compressor operating point slightly toward open-throttle con
ditions, which in turn increased the flow through the turbine. The increased system 
flow along with the increased turbine inlet pressure and turbine pressure ratio drasti
cally increased the net power output of the BRU. For a change in system pressure loss 
from 8 t o  3 percent, it was computed that the alternator output would increase by about 
19 percent. A l l  the data included in this report  are for the BRU in the laboratory loop. 
Lower power outputs would be  expected for the BRU in the Brayton engine because of 
higher loss pressure ratios in the engine. Another factor that tends to increase the net 
power above the BRU design goal is that the seal leakage was only 1 . 2  percent of the 
system flow instead of the 2 percent assumed in the design. Also determined from fig
u r e  3 is that the net output increases at a slightly faster rate than the compressor output 
pressure.  This is caused by the fact that the alternator efficiency is increasing to a peak 
near 10.5 kilowatts and the total power consumed by the bearings and field excitation are 
relatively constant. 

As discussed in the Procedure section, the blade axial clearances were about twice 
that of the research packages. As indicated in reference 4 and from unpublished com
pressor  research package data, the performance of both the turbine and the compressor 
were degraded by doubling the axial clearance. Calculations made from the research 
package data revealed that there was a penalty of about 6 percent in the net power for 
doubling the axial clearances. Thus, it is indicated that, at the 10-kilowatt pressure 
level, the BRU would exceed the design goals by about 17 percent with the design values 
of system pressure loss and axial clearances. 

Presented in figure 4 are the variations in net power output with compressor inlet 
temperature. Tes t s  at compressor outlet pressures  of 25.0 and 42.0 psia (17.2 and 
29.0 N/cm 2 abs) were made. The turbine inlet temperature was held nominally constant 
at 2060' R (1144 K). At a compressor outlet pressure of 25.0 psia (17.2 N/cm 2 abs), the 
compressor inlet temperature was varied from 510' to 581' R (283 to 323 K), and the 
net power varied approximately linearly from 7.9 t o  5. 5 kilowatts. At a compressor 
outlet pressure of 42.0 psia (29.0 N/cm 2 abs), the compressor inlet temperature 
was varied from 525' to  584' R (292 to  324 K), and the net power varied from 13.4 t o  
10.0 kilowatts. At this compressor outlet pressure,  the compressor inlet temperature 
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Figure 4. - V a r i a t i o n  of BRU ne t  power ou tpu t  in t i l e  laboratory loop 

w i th  compressor i n l e t  temperature. Tu rb ine  i n l e t  temperature, 
2060" R (1144K). 

was limited to a minimum value of 525' R (292 K) because of a limit of 465' F (241' C) 
placed on the alternator winding temperature. This temperature limit was based on pre
dicted alternator insulation life. 

Figure 5 is a c ross  plot of figure 4 and shows net output against compressor outlet 
pressure.  Straight lines of constant compressor inlet temperature a r e  shown since 
this variation is approximately consistent with figure 3. This plot was made to  show 
where the 15-kilowatt run fit with respect to  the data already presented. The operating 
conditions for this point are given in the Procedure section and can be seen in figure 5. 
For this point, the maximum winding temperature was 500' F (260' C). 

Presented in figure 6 is the variation in net power as a function of turbine inlet 
temperature. Curves for constant compressor outlet pressures  of 25.0, 42.0, and 
45.0 psia (17.2, 29.0, and 31.0 N/cm 2 abs) are shown. A zero net power point is shown 
for  a compressor outlet pressure of 26.0 psia (17.9 N/cm 2 abs). From the curves, it 
appears that at both 25.0 and 42.0 psia (17.2 and 29.0 N/cm 2 abs) the zero net power 
turbine inlet temperature is about 1345' R (747 K). From zero net power, the power in
c reases  to 7.0, 12.7, and 13.6 kilowatts a t  compressor outlet pressures  of 25.0, 42.0, 
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and 45.0 psia (17.2, 29.0, and 31.0 N/cm 2 abs), respectively, for a turbine inlet tem
perature of 2060' R (1144 K). 

The variation in net power output with speed from 36 010 to 37 000 rpm is presented 
in figure 7 for constant inlet temperatures  into both the turbine (2060' R o r  1144 K) and 
the compressor (515' R or  286 K) and for constant gas inventory in the loop. The net 
power output varied from 14 .4  to 15 .1  kilowatts, a change of 4.6 percent for this speed 
range. The turbine power changed 6.0 percent, and the compressor  power changed 
7.2 percent over this speed range. The difference between the turbine and compressor  
power changed only 4.7 percent, which is consistent with the actual change in alternator 
power . 

Performance at SNA P-8 Conditions 

Plotted in figure 8 is the variation in BRU net power output in the laboratory loop as 
a function of compressor outlet p ressure  for a nominally constant turbine inlet tempera
ture of 1660' R (922 K). This  temperature limit would be imposed when operating the 
Brayton system with a SNAP-8 reactor.  Curves of constant compressor inlet tempera
tu re  a r e  presented for 520°, 540°, 560°, and 580' R (289, 300, 311, and 322 K). These 
curves show that the net power var ies  linearly with the compressor outlet pressure,  and 
a reduction in compressor inlet temperature f rom 580' t o  520' R (322 to  289 K) in
c reases  the net output by 75 to  80 percent. This  compares to about a 35-percent in
crease  for operation at a turbine temperature of 2060' R (1144 K). The grea te r  change 
in net output results because the compressor is using a grea te r  percentage of the turbine 
power. This  effect is even more  pronounced if the higher pressure  losses assumed in 
the design goals a r e  imposed. The net power output would drop to near ze ro  at a com
pressor  inlet temperature of 580' R (322 K). 

The variation in net power output with compressor outlet p ressure  is presented in 
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Figure 8. -Va r ia t i on  o f  BRU ne t  power ou tpu t  i n  t h e  laboratory loop w i th  com
pressor out let  pressure at SNAP-8 conditions. Tu rb ine  i n l e t  temperature, 
1660' R (922 K). 
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F igu re  9. - V a r i a t i o n  in BRU net power output in t h e  laboratory loop 
w i th  compressor outlet pressure. Compressor i n l e t  temperature, 
536" to 540" R (298 to 300 K). 
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figure 9. This figure is a c ross  plot of figure 6. Curves of constant turbine inlet tem
perature are shown from 1460' t o  2060' R (811 t o  1144 K) in increments of 100' R 
(55.6 K). Data from figures 8 and 3 are shown for turbine inlet temperatures of 1660' R 
(922 K) and 2060' R (1144 K), respectively. These curves show the penalty for operation 
at a reduced turbine inlet temperature. A loss of about 50 percent in net output is indi
cated for a 400' R (222 K) reduction in turbine inlet temperature from 2060' R (1144 K). 
The reduction in net power resul ts  from an increase in turbine aerodynamic speed to 
111 percent of design and the reduction in inlet absolute temperature by 20 percent, 
which proportionately reduces the specific work. 

Effect of Molecular Weight Variations on Net Power Output 

Presented in figure 10 is the variation in BRU net power output in the laboratory 
loop with a variation in molecular weight of the working fluid for a constant compressor 
outlet pressure of 26.0 psia (17.9 N/cm 2 abs). Shown also is the net power output for a 
constant compressor inlet pressure of 14.0 psia (9.7 N/cm 2 abs). This curve was ob
tained from the constant outlet pressure curve by assuming that net power is proportional 
t o  compressor outlet pressure.  This assumption is approximate since there is a second-
order  effect due to  alternator efficiency and other parasitic losses. The two curves differ 
because, as molecular weight is reduced with a constant inventory in the system and a 
constant mechanical speed, the compressor inlet pressure rises and the outlet pressure 

Constant compressor ou t l e t  
pressure,  26.0 psia 
(17.9 N/cm2 abs) 

Constant compressor i n le t  
3.6 pressure, 13.92 psia 

(9 .6  N/cmZ abs) 

3 . 2  I I 
38 46 54 62 70 78 86 

Molecular weight 

Figure 10. -Var ia t i on  in BRU ne t  power ou tpu t  in t h e  
laboratory loop w i t h  molecular weight of working fluid. 
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decreases.  Thus, for a constant compressor outlet pressure,  gas must be added to the 
system, and for a constant inlet pressure,  gas  must be removed. The mechanical speed 
(36 400 rpm), the turbine inlet temperature (1960' R o r  1089 K), and the compressor 
inlet temperature (540' R or  300 K )  were maintained nominally constant. 

Figure 10 shows that, with a constant compressor outlet pressure of 26.0 psia 
(17.9 N/cm 2 abs), the net power output is 5.96 kilowatts at a working fluid molecular 
weight of 83.8 and drops to 4.49 kilowatts at a molecular weight of 40. Thus, with 
a constant compressor outlet pressure,  there  is a 24.7-percent reduction in net 
power for a reduction in molecular weight from 83.8 to 40. F o r  a constant compressor 
inlet pressure,  the net power drops from 5.96 to 3.36 kilowatts, a 43.6-percent reduc
tion. The difference in the power reduction is caused by the change in  inventory dis
cussed in the previous paragraph. 

The reduction in net power associated with the reduction in molecular weight of the 
working fluid is caused by a reduction in  aerodynamic speed of the turbine and compres
sor.  At a constant mechanical speed (36 400 rpm)  and constant inlet temperature to the 
turbomachinery, a reduction in molecular weight from 83.8 to  40 reduces the aerody
namic speed from 100 percent of design to about 69 percent of design. 

-Based on research package 
performance data 

0 BRU data 

7 I I I I 1 1 I 1 2 
30 40 50 60 70 a0 90 100 110 120 130 

MoIec ula r weight 

Figure 11. -Var ia t i on  in relative power ou tpu t  w i th  molecular weight o f  working f l u id  fo r  
constant compressor out let  pressure. 

Presented in figure 11 is the variation in relative power computed from turboma
chinery research package data as a function of molecular weight for a constant compres
sor outlet pressure.  At the design molecular weight of 83.8, the relative power was 
taken as 1.0. For  comparison, the data presented in figure 10 are replotted in figure 11, 
which shows that the BRU experimental data agree quite well  with the research package 
data. Further,  it is indicated that for a molecular weight of 70 up to 120 the net power 
var ies  only 6 percent. 
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SUMMARY OF RESULTS 

The Brayton rotating unit (BRU) was investigated as part of a closed laboratory loop. 
The investigation included a study of a range of system operating parameters,  such as 
compressor  outlet p ressure  (15.0 to 4 5 . 0  psia or 1 0 . 3  t o  3 1 . 0  N/cm 2 abs), inlet tem
perature to  the turbine (1460Oto 2060' R or 811 to 1144 K), compressor inlet tempera
t u r e  (510' t o  580' R or 283 to 322 K), and a molecular weight of the system working 
fluid (83.8 t o  40), and their effect on system net power output. The results of this in
vestigation may be summarized as follows: 

1. A t  design inlet temperature  into the turbine and compressor,  the net power output 
of the BRU in the laboratory loop varied from 3 . 6  to 13.6  kilowatts when the system 
pressure  level, measured at the compressor outlet, was varied from 15 to 45 psia 
(10.3 to 3 1 . 0  N/cm 2 abs). 

2. Operation of the Brayton system with a SNAP-8 reactor  would impose a limit of 
1660' R (922 K) on turbine inlet temperature.  This  limit reduced the BRU net power 
output in the laboratory loop by about 50 percent from that obtained with the design tem
perature  of 2060' R (1144 K). 

3. The net power output decreased by 2 4 . 7  percent when the molecular weight of the 
working fluid was varied from 8 3 . 8  to 40 with a constant compressor outlet pressure.  

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, February 24, 1970, 
120-27. 
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