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LEGAL NOTICE

This report was prepared as an account of Govern-
ment sponsored work. Neither the United States, nor the
Commission, nor any person acting on behaff of the Com-
mission:

A. Makes any warranty or representation, expressed
or implied, with respect to the accuracy, completeness, or
usefulness of the information contained in this report, or
that the use of any information, apparatus, method, or pro-
cess disclosed in this report may not infringe privately
owned rights; or

B. Assumes any liabilities with respect to the use
of, or for damages resulting from the use of any informa-
tion, apparatus, method, or process disclosed in this re-
port.

As used in the above, “person acting on behalf of the
Commission” includes any employee or contractor of the
Commission, or employee of such contractor, to the extent
that such employee or contractor of the Commission, or
employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his em-
ployment or contract with the Commission, or his employ-
ment with such contractor.
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ABSTRACT

Collectionof Memorandain this report

(1) N4-676U PreliminaryReporton NuclearRocketEngineControl

Systems

(2) N4-703U A MathematicalModel to Representthe BasicDynamics

of a NuclearRocketSystem

The readershouldalsobe referredto ‘NuclearRocketI@gine

Controlt’byR. R. Mohler& J. E. Perry,Jr.,Nucleonics(McGraw-Hill

publication),Vol. 19, No. 4 (April,1961.)





I. PRELIMINARY

Date written: June

INTRODUCTION

REPORT ON NUCLEAR ROCKET ENGINE CONTROL SYSTEMS

8, 1960

Tb basicthrustequationsare presentedhere to show the functionalde-
pendenceof pressure,temperature,andflow rate at the coreexit on
th2 enginethrust. Possibleloop confi@rations of controlsystemsare
presented. Th transducersinvolvedand needfor furtherstudyand
possibledevelopmentshouldbe enphasizede

Mcst of th? equationsand transferf tionshavebeen treatedbefore
in the analysisof KiwiA a d Kiwi.B1

(2!0 ‘7”
In addition thefollowing

equationsare of intercmt

Thrustcan km consideredas a sunnatlonof momentumthrustand pressure
thrust

-% “G’’([’”s’)v
The idealexitvelocity

and tie actualexit velocity

($)VVe = /
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Threfozw the thrustcan be defined

(1)

Perhspaa simplerand mom usefilrelstionfor our purposesis

where

(2)

%
I



Thusit is seen thatthe stagnationpressureat the core exit is the
variablethatmost stronglyeffectsengim thrust. The temperature
effectis seenas a variationin the ratioof specificheatsas well
its effecton ~essure. Thrustcoefficientsf r particularnozzle
designs(Cf vs. ?‘c/pe ~ d J@/At) are avai~ble 2)*

one

as

Since&rable, fast,and accuratepressuretransducersare available,one
couldexp ct to controler@ne thmst by controllingthis preSSUm S This
mtbd has been used on rockts that are operationalwith good resolution
and reliabili~.

It is of’interestto notefrom equation(1) tWt specifictiplse increas-
es a8 the syare root of temperatxre~thus showingthe desirabilityof a
high core outlettemperatire~ also that specificimpulseis high for a
lowmolecularweight(R= l~bs), which showsthe desirabilityof hydrogen

T
propellantand nuclearrocketengims.

By consideringthe evolutionof tleKiwi.MAreactorsand the abovee u ions,
3 fita logicalchoiceof a flyablecontrolsystemis show in figuxw1( s

The programmeron the leftputs out a thrustdemand(or coreoutletp~8-
sure demand). This demandis com~red with the measuredthmst (or pres-
sure). The tirusterrorsignalis used to properlyadjustthe thrustin
a desiredreamer. Theflowloop couldbe closedto speedthe loop responso
and help moot h out theunknownsand changesin tti flow characteristics
withoperatirgconditias. But if the flow is not measuredor calculated
accuratelyit may be sdvisablenot to closethislcmp. In this case tb
power danandis sclwluledfrom the flow demandaccordingto tlw tempen-
aturedesiredfor startup~ At ratedconditionsthis schedulerappears
as a comtant. The p-er loop is closed. It is advisableto close
eitherthe parerloopor tenperatnreloop for safetyreasonsas well as
unknownsand changesin the openloop dynamics●

If a good tem~rature meamrement or calculationcan be made it is desir-
able to feedback temperature This couldbe fed back to vary tk schedu-
ler gain. Howeverif a gaxi tanpexaturemeasurementis available,the
tenperatireloop couldreplacethe powerloop. Thisseemsespecially
feasibleif tie pomermeasu~ments cannotbe improvedad tlefIyable
systemskve as fast a ccre thermaltimecomtant as is anticipated

A
?’$
stemwhichis conceivablein the distantfhtureis shownin figure

2( . This systemassumesthata poisonrod is adjustedpreviousto
the opsmation. This rod (or mds ) is used to take care of the unknowns
in reactltitycontributions.The loop couldM
to controlslow transients.The major loop and
led ty the propellantreactivity. A simulation
this typehas beenmade on the analogcomputer.
and was made to reepond favorab1y with a simple

closedthroughthis rod=
fasttransienb are controlw
of a simplifiedmodel of
The systemwas stakle
compensation

?
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CONCLUSIONS

In a flyablenucilearrocketenginecontrolsystemthe thnlstloop is
mast convenientlyclosedW clcsingthe loopfrom pressuremeasuredat
the nozzleinput. Eitherthepowr loopor the temperatureloop should
be closed. The selectionwuld be stronglydependenton the transducers
availableas wellas accidentconsideations. It may be desirablebut
not necessaryto close theflow loop. This decisionwould also dependon
the transducersavailable. Furtherinvestigateions,studiesand possible
developmentof tranducers shouldcertainlybe encouraged.The main loop
whichinvolvesa pressuretransducerseemsto have the fewestproblems.
But an investigateon as to thestate of the art shouldbe made to bringus
up to date. Temperature,powerand flowtransducersneed a greatdeal
of work. Even thoughonlyone of the firsttwomay be used for automatic
controlpurposes$ the othersan? desirahleformakingdecisionsand
manualoperationsduringa teste

Notationadded10/?/60:

It is doubtfulthatpressuretransducerstill be accurate emoughto control
rocketvelocityto the preoision desired. Thereforeit may be necessary
to use accelerometersto controlvelocity. The pressureor thrustcould
stillbe controlledas an innerloop of the main veloci~ loop; A more
detailedstudy of a flyablesystemis presmtly beingmade.

REFERENCES

(1) LANS-2SS9,Vol. 1$ R. Mohler,to be issued
(2) Zucrow- Aircraftand MissilePropulsion
(3) LAMD 1636, R. Mohler
(&) N-4=596u, H. Demuthand R. Mohler (Notavailalile)
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GLOSSARY

SYMBOL,

A=

‘t

%

cd

Cf

F

lSP
Sk

%

Slq

iii

P=

PC

Pe

R

Tc

‘f

t

Ve

V= t

DESCRIPTI~

NozzleExhust Area

NozzleThreatArea

ValueFlowArea

NozzleCoefficientof Dischargo

ThrustCoefficient

Thrust

Acc61eration from(3ravity

SpecificImpulse

TotalReactivity

Pzwpell.antReactivity

TanperatureReactivity

MolecularWeight

StagnationPressuzwat CoreExit

Pressuxwat CoreExit

Pressureat NozzleExit

AtmosphericPressum

Reactor Power

Gas Constant

Temperatureat CoreExit

AverageTemperatureof Fuel&
Moderater

Time

IdealExhaustVeloci.ty

ActualExh=st Veloci~

UNITS

ft2

ft2

ft2

#

ft/sec2

sea

# ZBS6/# mole

#/ft2

#/in2

#/in2

#/in2

BTU/see

ftflR

‘%

sec

ft/sec

ft/seo

U



SYMBOL DESCRIPTION

vex Axial Componentof Exhaust
Velocity

* PropellantWeightFlow Rata

Zt A PXY3SSUIY? CO IXJtZUlt

a

UNSTS

ft/8ec

#/aec

GREEK SYMBOIS

NoazleDivergenceAngle

Ratioof SpecificHeats

NossleDivergem e Coefficient

Mass Denei@

VelocityCoeffiuient

FlowFactor

Corwtantof SpecificHeat Ratios eec/**

slug/ft3

12



II. A MATNXMATICAL M~XL TO RIWRIH3ENTTHX

S3ASIC DYNAMICS OF A NUCIJ$ARRW~ SYSTM *

Datewritten: August12,1960
The rocket reactor considered IS a direot heat exchange

oycle, two pass system. Here the hydrogen propellant enters and

cools the nozzle and reactor

t ke reactor sore where it 1S

propellant exhausts from the

retleotor, then passes on through

heated to exhaust tcsnperaturo. The

reactor through a nozzle which is

choked under normal operating conditions.

A turbo pump supplies liquid hydrogen to the heat

exchanger from a constant pressure tank. A pair of valves

supply gas from a constant pressure source to the turbine of the

turbo-pump. Thw variation of the valve stems produces a

variation in liquid hydrogen flow to the heat exchanger. The

dynamic characteristics of the turbo pump and associated feed

lines are considered In this model.(1)

The dynamic characteristics of the reactor core are

treated by non linear space independent differential equations.

The dynamic heat transfer characteristics of the core are treat-

ed by means of a lumped parameter model such that the resulting

differential equations are space independent. The accuracy

under dynamic conditions of the lumped parameter model is a

function of the amber of lumps into which the corek broken.

Thus a very large number of lumps would yield very high accuracy.

Mwever the representation rapidly approaches reasonableaccuracy

With fm lumps. The propellant pressure drop within the core is

generated as a function of reactor power level and propellant

flow rate. This pressure drop is lumped in the same manner as

13



the heat exchanger such that the space variable Is eliminated.

The SIX delayed neutron group, space indepeudmt,

differential equations are used to represent the neutron

kinetics. The total reactivity variation is represented as the

sum of the foll~iilg it=s: (1) The negative reactivity contri-

bution of the control rods. (2) Variation in reactivity due to

the thermal expansion of the reactor which varies the neutron non-

leakage probability. Also included in this category is the

change in thx’mal energy Of the natrons which through the

associated fission cross-section affects the power level, (3)

The reactivity contribution of the hydrogen

density (whfch changes at various positions

reativity contribution is of course due to

properties of the propellant.

propellant due to

in the core). This

the moderating

The propellant exhaust nozzle is assumed choked in

this model. Isentropic pressure relations, modified by an

offlclenay factor, are used in the nozzle representation.

The basic application of this mathematical model is

to the development of nuclear rocket engine controls. The

previous equations are linearized about steady state conditions

to obtain transfer functions.. The dynamic stability of the sys-

t.anis determined from these tramfer functions. It 2s soon

that the stability of the puwer loop is actually inprovcd by the

addition of the propellant reactivity and is dynamically stable

even with a zero temperature coefficieiltof reactivity. ~?~~~r

in this latter case the control rod POIEIOJinitially prooont must

be at least equal to the amount of poison rQWir* at sale

14



operating condition. If enough poison is not initially present

the tanperature will approach a steady state value which may be

above design value.

The

the core mass

time constant

thermal time constant is seen to be dependent on

heat capacity and the fluw rate. The thermal

of a typical second stage nuclear rocket could be

about

could

where

one second or less. For very fast cores this time constant

be several milliseconds. The neutronics band width is#’#*,

@ = .0065 for U235 and 1* could be several microseconds.

The turbopumps inertial time constant is in the order of a

second.

Several control loop schemes are shown. The thrust

and tempaatue (or specific impulse) are of prime interest.

But due to present limitations on transducers it may be necessary

to control temperature by scheduling puu~ from flcnr rate or

another variable in the nain thrust hop. The tanperature

transi-t during startup must be such as to consider limitations

due to thermal stresses and yet meet the need for maximum specific

impulse.

(1) ?ootnote - The turbopump characteristics are based on
information supplied by the Rocketdyne Division
of North American Aviation.

*
Presentedat the Winterl@?~in&of the AmericanNuclearSociety,
San Francisco,California,December,1960.
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Symbol

A

‘t

A
P

c

cd

Cf

ci

c
P

Cr

Ct

‘1

‘2

F

f

g

h

hc

hm

DEFINITION OF TERMS
USED IN MODEL OF REACTOR

AND NOZZLE

Description

Heat transfer area

Nozzle throat area

Effective core exit area
(Fluid flow)

Specific heat of fuel-moderator

Nozzle coefficient of discharge

Thrust coefficient

Heat due to the density of
ith delayed-neutron-group
precursor

Specific heat at constant
pressure of propellant

Propellant density coefficient
or reactivity

Temperature coefficient of
reactivity

Diameter of flow passage

Effective outer diameter
moderator element

Thrust

Friction factor

fue“l-

Factor for conversion from
English Absolute to English
Gravitational System of units

Total heat transfer coefficient

Convective heat transfer coef-
-ficient

Effective conduction heat
transfer coefficient

Units

in~

2
in

2in

Btu/lbmOR

dimensionless

dimensionless

Btu

Btu/lb “R
m

lb;l

‘R-l

in

in

lbf

dimensionless
2lbmin/lbf sec

13tu/in
2

sec ‘R

Btu/in2 sec ‘R

F3tu/in2 sec “R

17



K

%

I<t

t)K

Propellant thermal conductivity

Conductivity of fuel moderator

Btu/in sec ‘R

Btu/in secOR

Core weighting factor dimensionless

Total reactivity dimensionless

Propellant reactivity dimensionless

Control rod reactivity dimensionless

Temperature reactivity dimensionless

Length of core in

Mean effective neutron lifetime

hlachnumber of propellant

h!achnumber of propellant
at core exit

Propellant pressure

sec

dimensionless

dimensionless

lbf/in2

lbf/in2

P

Pc Propellant stagnation pressure
at core exit

Propellant static pressure at
core exit

Prandtl number

lbf/in2PCs

dimensionless

13tu/sec

lbf in/lbm ‘R

dimensionless

Reactor power

R Specific gas constant

Pe Reynolds number

-1sec

‘R

‘R

Laplace transform variable

Ambient temperature

s

Tamb

Tc JYopellant temperature at core
exit

Average core temperature “RTca

‘R

‘R

‘f Propellant film tem~erature

Tg Fverage propellant temperature

J8



To

Tw

t

v

v
P

w

i

lic

Y

z

Outlet propellant temperature

Average core wall temperature

Time

Velocity

Volume of propellant

Mass of fuel-moderator

Propellant mass flow rate

Propellant mass flow rate at
core exit

Fuel-moderator effective
thickness

Compressibility

r3 Total delayed neutron fraction

Bi ith group fraction of total
neutrons from fission

.4 Refers to a perturbation about
a steady state condition

Ii Decay constant of ith delayed-
neutron-group precursor

T Fraction of power generated

P“ Viscosity of propellant

~ Number of flow passages

T Time constant

T 3.141593

P Propellant Density

“R

‘R

sec

in/see

3in

lbm

lbm/sec

lbm/sec

in

dimensionless

dimensionless

dimensionless

dimensionless

-1sec

dimensionless

lbf sec/in2

dimensionless

sec

--

lbm/in3

Subscript
n Stage Number -.

19



SYSTEM DYNAMICS EQUATIONS

Heat Exchanger:

~nd= WnCn#QQ + ‘nhn( ‘Wn - Tgn)

~( Hon-Hon- ,)= Anhn(TWn- Tgn)= fiCPn( Ton- Ton_l)

Ton_,+ Ton
‘gn= 2

h ● .036 KnRenO*e Prno-4

()

0.8

cn J’91L
d,(~ + 1)0”’ ‘fn

All quantities evaluated at film conditions except k

2K n
‘inn= *

8*

h . ‘CIlhmn
n hcn+hmn

(1)

(2)

(3)

(4)

(5)

(6)

20



Neutronics:

Propeiiant Reactivity

~
~= ZnRTgn

8Kpn=CrnVpnfi

8i(p=#,~KPn

Temperature Reactivity

‘co=n&KWTwrl

8K~Ct(Tca-Tamb)

(7)

(8)

(9)

(lo)

o1)

(12)

(13)

(14)

21



Nozzle:

Where

F=cf%%

p=%jgq-

‘=(+)%-)

Reactor Pressure Drop:

P&o, ~=*%+ fnvn)Jn

Where

-

‘7’%w P“WWV2

‘.=*

fn-’c
L6 hcn

p.% Pn

*=
[

‘n S!&+f,.2
n (l-Mnz) WclnCP.Tgn 1nnn

(15)

(16)

(17)

22



Transfer Functions:

A8KP . _!@PL
APn ‘n RTgno

A8K—p =-JIQ%tNp&,
ATgn ‘nRTgnO

Ati ._
8K l“s~+;~

One lump heat exchanger

AT I
--&A ‘(Th:+1)

= K2(T2S+I)
% Ths+l

()+:: + WCY‘h=* o -m-

T .0.2 WC
2 ~

I
t= q

.

K2=-*
OP

(19)

(20)

(21)

(22)

(23)

23



+
’

‘

t
-
t
-

&

c
5

.
S
J

.
g

●-
0

.
-

.
-

I
116

I
.1

I

?

\

‘nil%

‘
a
-
-

l!=!=
.

.
I

~
u.-

E8
-—

----
---

rI
~

I
<

I
—

I
8

<
IL

/
-—

____
___



Symbol

‘BN

*BV

%V MAX

Ae

‘F

‘H

‘s

%N

%

% MAX

‘WI

% P

‘XVI

fTTP

DEFINITION OF TERMS

USED IN MODEL OF HOI’GAS GENERATOR

PROPELLANT FEEDSYSTEM TO RIWTOR

Throat
bypass

Description

area of nozzle in turbine
1ine

Valve throat area in turbine bypass
line

Maximum valve throat area in turbine
bypass line

Valve throat area in pump discharge
line

Valve throat area in liquid oxygen
supply line to gas generator

Valve throat area in liquid hydrogen
supply line to gas generator

Valve throat area in reactor bypass
line

Turbine nozzle area

fi::e throat area in turbine supply

Maximum valve throat area in turbine
supply line

Diameter of liquid propellant reactor
supply line (between stations IV and
I)

Diameter of liquid propellant pump
supply line (between stations T and
TP)

Friction coefficient in liquid
propellant reactor supply line

Friction coefficient in liquid
propellant pump supply line

Units

in2

in2

in2

in2

in2

in2

in2

in2

in2

in2

in

in

dimensionless

dimensionless

25



Symbol

g

I

K

‘P

%

N

‘1

‘IV

‘BI

‘D

‘DT

‘G

Prio

‘T

‘TO

‘TI

Description

Factor for conversion from English
Absolute to English Gravitational
System of Units

Turbopump polar moment of inertia

An empirical constant

Pump torque

Turbine torque

Rotational speed of turbo-pump

Pressure at inlet to cooling passage
in nozzle

Pressure on reactor side of the valve
in the pump discharge line

Pressure upstream of nozzle in turbine
bypass line

Pressure at pump discharge

Exhaust pressure of liquid propellant
in reactor bypass line

Pressure in gas generator

Pressure of propellant at inlet to
core reflector

Propellant dewar pressure

Pressure in liquid hydrogen
tank for gas generator

Pressure upstream of nozzle
supply line

supply

in turbine

Units

lbmin

1bfsee%

in lbfsec2

26



Symbol

‘TF

Description Units

lbf

~

lbf

~

in lbf

lbm ‘R

‘R

in3

lbm

=

lbm

m

lbm

E

1bm

K

1bm

K

1bm

=

lbm

Pressure in liquid oxygen supply tank
for gas generator

Pressure of propellant at inlet to
pump‘TP

Gas constant for gases in gas
generator‘G

‘OG

‘G

Total temperature in the gas generator

Volume of the gas generator and pipe
line from the gas generator to turbine
and turbine bypass valves

Propellant flow at inlet to cooling
passage in nozzle

wIv
Propellant flow on the reactor side of
the valve in the pump discharge line

●

‘EN
Hot gas flow at nozzle throat in turbine+
bypass line

.

‘co
Propellant flow at inlet to core
reflector

.

‘D
Propellant flow at pump discharge

.

‘F
Flow of liquid oxygen at station F in
supply line to gas generator

●

‘GX
Flow of hot gas at exit of gas generator

s-cc

1bm

w

lbm

=

lbm

E

‘iH Flow of liquid hydrogen at station H
in supply line to gas generator

.

‘s
Propellant flow bypassing the reactor

Hot gas flow through throat of the
turbine nozzle

*>7



Symbol

x

‘MAX

‘IVI

‘TTP

8

PIVI

f D

f’F
? H

? TTP

Description

Position of stem of turbine bypass
control valve

Maximum travel position of stem of
turbine bypass control valve

Equivalent length of liquid propellant
supply line to reactor

Equivalent length of liquid propellant
supply line to pump

Ratio of specific heats of hot gas
from gas generator

Density of liquid propellant in supply
line to reactor J

Density of liquid propellant at pump
discharge

Density of liquid oxygen at station
F in supply line to gas generator

Density of liquid hydrogen at station
H in supply line to gas generator

Density of liquid propellant in supply
line to pump

Units

in

in

in

in

dimensionless

lbm

m

28



Propellant Feed System Equations

2) tic< ill

60
J

II) N= -Gr (L7– Lp)~t

.

12) L; KzoVV~N- K21~~NN- K2z

29
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!6) WH=

20)

21)

22)

23)

24)

P=BI

1-

A ‘ABV BVmax (
l–+

max )

w,;6,J
30
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