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BLEED CYCLE PROPELLANT PUMPING IN A GAS-CORE NUCLEAR

ROCKET ENGINE SYSTEM

by Albert F. Kascak and Annie J. Easley

Lewis Research Center

SUMMARY

In order to maintain a critical mass in a gas-core nuclear rocket engine, the oper-
ating pressure must be about 500 atmospheres, or higher. The question arises as to
whether the propellant can be pumped to this high pressure. A bleed cycle that would
use the gamma and neutron heat deposited in the moderator as a heat source and a tur-
bine as a work source to drive the pump was considered in this study. Ideal and real
staged pumps and turbines were considered. The range of engine operating pressures
investigated was from 500 to 5000 atmospheres, thus making hydrogen property extrap-
olation necessary.

This study showed that for a required engine operating pressure of 1000 atmos-
pheres the pump work was about 1315 watts per kilogram per second (0. 8 hp/(lb/sec));
the specific impulse penalty resulting from dumping the turbine bleed flow was about
10 percent; and the required heat addition to the propellant was about 17. 2 megawatts
per kilogram per second (7. 8 MW/(lb/sec)). For a specific impulse above 2400 seconds,
there is more than enough energy deposited in the moderator by gamma and neutron
heating to pump the propellant to operating conditions. This report showed that possible
alternative cycles (such as a Rankine or Brayton cycle) should be considered. These
cycles would probably not have as severe a specific impulse penalty as the bleed cycle
considered. They would, however, be more mechanically complex.

INTRODUCTION

The gas-core nuclear rocket features a high specific impulse (2000 to 7000 sec) and
a moderately high thrust (4. 45xl04 to 4. 45X105 N, or 10 000 to 100 000 Ibf). In order to
maintain a critical mass, this rocket must operate at high pressures (at or above
500 atm; ref. 1). The question arises as to whether the propellant can be pumped to
this high pressure.



There are two facets to this question: first, the physical design of the pump; and
second, the mechanical energy necessary to drive the pump. The physical design of a
high-pressure pump is beyond the scope of this report, but it can be conceptually en-
visioned as a series of stages of low-pressure pumps. Each low-pressure pump would
probably be designed to pump across a maximum pressure difference. (Pressure dif-
ference is used rather than pressure ratio because seal leakage would probably be the
limiting quantity rather than aerodynamic instability, for which pressure ratio would be
the important variable.) An estimation of the amount of mechanical energy necessary
to drive the pump, and determining possible sources of this energy, are the objectives
of this report.

' Roughly 7 percent of the reactor power is deposited in the moderator from ther-
malization of the neutrons and gamma rays. Part or all of this energy can be used to
drive the pump, the rest must be either regeneratively removed or radiated to space.
This energy is available at the maximum allowable moderator temperature. The prob-
lem then is how to best use this energy to pump the propellant to the required engine
pressure without incurring any undue penalty on engine performance due to such things
as additional system weight or complexity or a reduction in specific impulse due to
dumping turbine bleed flow.

References 2 and 3 are studies of topping and bleed cycles for nuclear rocket appli-
cations. Reference 2 reports the conclusion that about 1000 atmospheres was the limit
on the engine pressure to which the propellant could be pumped by using a topping cycle.
The reason for this was that the overall thermodynamic efficiency of the topping cycle
was low. The present study evaluates a bleed cycle, which is basically a simpler and
more efficient cycle but which does involve a specific impulse penalty. At the same
time, an auxiliary Carnot cycle is used to evaluate the applicability of Rankine and Bray-
ton cycles to gas-core propellant pumping (at least in a cursory manner, to establish
their degree of potential usefulness).

SYMBOLS

h enthalpy per unit mass

Ah enthalpy change across stage

m mass flow of propellant

p pressure

Q heat transferred per unit mass flow

s entropy per unit mass

T temperature

2



V volume

W work per unit mass flow

AW work of each stage

Ti ratio of bleed to total propellant flowmass

rj ratio of ideal to real work of compressor or pump

^turb ratio of real to ideal work of turbine

Subscripts:

aux auxiliary engine between heat exchanger and moderator

b bleed flow

comp compressor or pump

exh exhaust condition

hex heat exchanger

max maximum value in cycle

mod moderator

sat saturation conditions

turb turbine

ANALYSIS

The overall engine propellant bleed cycle is shown in figure 1. The hydrogen pro-
pellant is pumped from tank storage conditions (saturated conditions; 0. 5 atm) to the
required engine pressure. Part of the gamma and neutron heat deposited in the moder-
ator is then transferred to the propellant in a heat exchanger, heating the propellant to
the maximum allowable temperature. A relatively small part of this heated propellant
is then bled off and expanded through the turbine to provide the shaft work for the pump.
The bleed flow is expanded to some low pressure (say 10 atm) and then discharged to
space. The primary propellant stream flows directly from the heat exchanger to the
engine cavity.

The ideal performance of this system is shown in figure 2. The propellant is isen-
tropically pumped from saturated conditions to the pump discharge pressure. The pro-
pellant is then heated at constant pressure (by the waste heat of an auxiliary moderator
cooling cycle) to the maximum allowable temperature. A fraction of the propellant is
then isothermally expanded through a turbine to exhaust conditions.

3
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Figure L - Bleed cycle used to pump propellent for gas-core nuclear rocket engine system.

Main
propel la nt
flow

'max

rexh

'sat
Volume, V

vexh

Figure 2. - Pressure-volume diagram for ideal
bleed cycle.



Isothermal expansion through a turbine can be approximated by a turbine with many
stages; after each stage, the fluid is reheated to the original inlet temperature. In
actual practice, the ideal performance of this cycle could not be achieved. It is only
presented as a limiting case to provide an idea of the maximum cycle efficiency possible,
and to indicate the degree of improvement that might be available by using a series of
turbine-reheater stages. An overall engine design study would be required to determine
whether the increased mechanical complexity and increased system weight would over-
ride the increased efficiency afforded by turbine interstage heating.

Per unit mass flow rate, the following relations are true for this ideal cycle: -

Wcomp = h(pmax> Ssat) ' h(Psat> Ssat>

> Pmax> '

aux max

- T max

Ssat>

fs(T P ^ - S ~l -Lv max' max' sat-J

" S(Tmax' Pexhll

Wturb

(1)

The fraction of the total propellant flow that is bled through the turbine is

m

_ Wcomp
" wWturb

The amount of energy used from the moderator per unit mass flow rate is

In a real cycle both the pump and turbine would be staged, and the performance of each
stage would be nonisentropic. The efficiency of the pump and turbine stages is defined as



_ Ah(isentropic)
Ah(real)

(4)
_ Ah(real)

T?turb Ah(isentropic)

where
r.

Ah (real) = W

To obtain more power from the turbine and to approximate the isothermal expansion, the
bleed propellant can be reheated to the maximum temperature after each turbine stage.
The amount of energy used to heat the bleed propellant after each stage per unit flow is

Qturb = AH(isothermal) - AH(real) (5)

These relations are applied as many times as there are stages.

DISCUSSION

The objective of this report was to determine whether there was enough energy
available to pump the propellant of the gas-core nuclear rocket to the required operating
pressure range. A "bleed cycle" was chosen because of its simplicity; it is illustrated
in figures 1 to 3.

Three cases were analyzed. The first case had an ideal pump and an ideal turbine
and used turbine interstage heat addition to achieve a constant temperature expansion in
the turbine. The second case had a real (efficiency less than 1) pump and a real turbine,
but still utilized heat addition after each turbine stage. The third case was the same as
the second case except that the turbine expansion process was adiabatic.

The efficiencies of the real pump and turbine stages were assumed to be 85 percent,
and each stage had a pressure difference of 100 atmospheres. For all three cases the
tank storage condition was 0. 5 atmospheres and the turbine exhaust pressure was as-
sumed to be 10 atmospheres. The maximum available propellant temperature from the
moderator was assumed to be either 944 or 1111 K (1700° or 2000° R). The required
engine operating pressure ranged from 500 to 5000 atmospheres. The properties of the
hydrogen propellant were not available in this high-pressure range. A computer code
tabulation of hydrogen properties (ref. 4) was extrapolated to provide property estimates
for this study. The equations given in the analysis section were programmed and used
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(a) Ideal case: constant entropy compres-
sion, constant pressure heating, con-
stant temperature expansion.

Entropy per unit mass, S

(b) Nonadiabatic case: real staged compres-
sion, constant pressure heating, real
staged expansion with interstage heating.

(c) Adiabatic case: real staged compression,
constant pressure heating, real staged
expansion with no interstage heating.

Figure 3. - Temperature-entropy diagram for three bleed cycles considered. (Only reversible portion of cycle shown on diagram.)

to obtain the results of this study. A discussion of the program is given in the appendix.
The numerical results are tabulated in tables I to HI for all cases calculated.

Figure 4 shows, as a function of pump exhaust pressure (operating pressure), the
work required to pump propellant from storage conditions to operating pressures and
the work available from an auxiliary Carnot cycle operating between the moderator and
the heat exchanger. This work is per unit mass flow rate of propellant through the pump
or the heat exchanger.

The required pump work ranges from about 821. 5 watts per kilogram per second
(0. 5 hp/(lb/sec)) at 500 atmospheres to about 5750 watts per kilogram per second
(3. 5 hp/(lb/sec)) at 5000 atmospheres. At 1000 atmospheres, the required pump work
is about 1315 watts per kilogram per second (0. 8 hp/(lb/sec)) for a real pump. The
work available from an auxiliary cycle is at least several times the work required by
the pump. This suggests the possible use of a Rankine or Brayton cycle instead of the
bleed cycle. These cycles were not considered in this study; and therefore, this source
of available work has been neglected. A further evaluation might disclose worthwhile
gains available by using a Rankine or Brayton cycle.

Figure 5 shows the ratio of required pump work to available turbine work per unit
mass flow rate through the pump and the turbine. This ratio is also the ratio of bleed
flow rate to total flow rate in the bleed cycle. This ratio varies from less than 0. 1 at
500 atmospheres to less than 0. 4 at 5000 atmospheres. At 1000 atmospheres, this
bleed ratio - which is also the specific impulse penalty - is about 10 percent for a real
pump and a real nonadiabatic turbine. Thus for a 5000-second specific impulse engine,
the bleed cycle penalty would be 500 seconds.
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Figure 6 shows the required heat transfer from the moderator to the propellant (as-
suming no auxiliary engine). This heat transfer is per unit mass flow rate of propellant
through the heat exchanger plus the required bleed flow rate through the turbine. The
required heat is less than 19. 8 megawatts per kilogram per second (9 MW/(lb/sec)). At
1000 atmospheres, the required heat transfer is about 17. 2 megawatts per kilogram per
second (7. 8 MW/(lb/sec)) for a real pump, a heat exchanger operating at 1111 K
(2000° R), and a real nonadiabatic turbine.

Figure 7 shows the amount of energy generated in the fissioning plasma and the
amount of energy deposited in the moderator (7 percent of energy generated). This
heat transfer rate is per unit mass flow rate of propellant through the reactor cavity
and is plotted as a function of reactor cavity specific impulse. From figure 6 the maxi-
mum heat transfer rate from the moderator to the heat exchanger was about 19. 8 mega-
watts per kilogram per second (9 MW/(lb/sec)) per unit mass flow rate of total propel-
lant flow. If the bleed flow is small, the flow through the cavity is approximately equal
to the total flow. Therefore, figure 7 shows that, above 2400 seconds specific impulse,
there is an excess of energy available to pump the propellant to operating conditions.
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CONCLUSIONS

This study has shown that it is energetically and thermodynamically possible to
pump the propellant of a gas-core nuclear rocket to as high as 5000 atmospheres. With
a bleed cycle, the specific impulse penalty was less than 40 percent for all cases con-
sidered. For a typical gas-core operating pressure of 1000 atmospheres the required
pump work was 1315 watts per kilogram per second (0. 8 hp/(lb/sec)); the specific im-

10



pulse penalty was about 10 percent; and the heat transferred from the moderator to pre-
heat the hydrogen to the turbine inlet temperature was about 17. 2 megawatts per kilo-
gram per second (7. 8 MW/(lb/sec)). For specific impulses above 2400 seconds, there
is an excess of energy available in the moderator to pump the propellant to operating
conditions. Future work areas that should be investigated include an assessment of a
Rankine or Brayton cycle as possible alternatives to the bleed cycle studies in this re-
port and an improvement in the accuracy of the property estimates used in the calcula-
tion.

Lewis Research Center,
National Aeronautics and Space Administration,

Cleveland, Ohio, December 1, 1971,
112-28.
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APPENDIX - COMPUTER SOLUTION OFTHERMODYNAMIC RELATIONS

FOR GAS-CORETURBOPUMP BLEED CYCLE

The equations from the analysis section were programmed for three cases. The
cases considered were the following: first, an "ideal case, " which had an ideal pump
and an ideal isothermal turbine; second, a "nonadiabatic case, " which had a real staged
pump and a real staged turbine with interstage heating; third, an "adiabatic case, "
which had a real staged pump and a real staged turbine with no interstage heating. Input
quantities for the computing code were storage pressure, maximum pressure, maximum
temperature, and exhaust pressure. In addition, for the nonadiabatic and adiabatic
cases, the pressure difference and efficiency of the compressor and of turbine stages
were input quantities.

The output from the code gave properties at storage tank conditions, at compressor
exhaust conditions, at heat exchanger exhaust conditions, and at turbine exhaust condi-
tions. Additional output included the ratio of compressor to turbine work per unit flow
through the compressor and turbine, the compressor work per unit flow through the
compressor, the available work from an auxiliary Carnot cycle per unit flow through the
heat exchanger, and the heat transferred to the heat exchanger per unit flow through the
heat exchanger. The results of this code are tabulated in tables I to HI.

The calculation proceeded as follows: The propellant is initially in the storage tank
at saturation conditions. Once the storage pressure is given, the other thermodynamic
properties are found from subroutine BW (ref. 4). The propellant is then pumped
through the first stage of the compressor. If the compressor is ideal, the entropy at
the exhaust of the compressor stage is the same as at the inlet (a known value). The
pressure difference across the stage and the inlet pressure are used to obtain the ex-
haust pressure. For the ideal compressor stage, knowing the inlet entropy and pres-
sure and using subroutine BW gives the ideal exhaust thermodynamic properties. The
ideal work necessary to drive the compressor stage is the difference in enthalpies
across the -stage. If the compressor is not ideal, the real work is the ideal work divided
by the compressor stage efficiency. Since energy must be conserved, the real exhaust
enthalpy is the inlet enthalpy plus the real work. The real exhaust thermodynamic prop-
erties are given from the exhaust pressure, the exhaust enthalpy, and subroutine BW.
This process is repeated until the propellant is pumped to operating pressures.

After the propellant is pumped to operating pressure, it flows into the heat ex-
changer, where the propellant is heated at constant pressure to the maximum allowable
temperature. The thermodynamic properties at the inlet of the heat exchanger are the
same as those at the exhaust of the pump (which are known). The thermodynamic prop-
erties at the exhaust of the heat exchanger are found from the exhaust pressure (maxi-
mum pressure), the exhaust temperature (maximum temperature), and subroutine BW.

12



The heat absorbed by the heat exchanger is given by the difference in enthalpies of the
propellant across the heat exchanger. The work available from an auxiliary Carnot
cycle between the moderator and the heat exchanger is given by the maximum tempera-
ture of the propellant in the heat exchanger multiplied by the entropy difference of the
propellant across the heat exchanger, minus the heat absorbed by the propellant in the
heat exchanger.

The majority of the propellant flows from the heat exchanger into the cavity of the
gas-core nuclear rocket. A small fraction of the propellant, the bleed flow, flows from
the heat exchanger through a turbine and is then dumped into space. The work of this
turbine is used to drive the compressor.

The bleed flow passes through the first stage of the turbine. If the turbine is ideal,
the entropy at the exhaust of the turbine stage is the same as at the inlet (a known value).
The pressure difference across the stage and the inlet pressure determine the exhaust
pressure. For the ideal turbine stage, knowing the inlet entropy and pressure and using
subroutine BW gives the ideal exhaust thermodynamic properties. The ideal work of
the turbine stage is given by the difference in enthalpies across the stage. If the turbine
is not ideal, the real work is the ideal work times the turbine stage efficiency. Since
energy must be conserved, the real exhaust enthalpy is given by the inlet enthalpy minus
the real work. The real exhaust thermodynamic properties are obtained from the ex-
haust pressure, the exhaust enthalpy, and subroutine BW.

If the turbine is nonadiabatic, a heat exchanger is placed between each stage of the
turbine. The bleed flow passes from the exhaust of the first turbine stage through a
heat exchanger, where it is heated (at constant pressure) from the exhaust temperature
to the maximum allowable temperature. The thermodynamic properties at the inlet of
the heat exchanger are the same as those at the exhaust of the turbine stage (which are
known). The thermodynamic properties at the exhaust of the heat exchanger are found
from the exhaust pressure (turbine stage exhaust pressure), the exhaust temperature
(maximum temperature), and subroutine BW. The heat absorbed by the heat exchanger
is given by the difference in enthalpies of the bleed flow across the heat exchanger. This
process is repeated until the bleed flow is expanded to the turbine exhaust pressure.

The total compressor or turbine work per unit mass flow through it is given by the
sum of the work per unit mass flow for each stage. The fraction of the total propellant
flow that is bled through the turbine is the ratio of total compressor work (per unit mass
flow through it) to total turbine work (per unit mass flow through it). The total amount
of heat transferred is the amount of heat transferred to the propellant flowing into the
cavity plus the amount of heat transferred to the bleed flow.

13
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NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS
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in scope but nevertheless of importance as a
contribution to existing knowledge.
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Information receiving limited distribution
because of preliminary data, security classifica-
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CONTRACTOR REPORTS: Scientific and
technical information generated under a NASA
contract or grant and considered an important
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