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Dynamic Modeling of Starting Capabilities of Liquid Propellant
Rocket Engines
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University of Florida, Gainesville, Florida 32611

An analytical technique is developed for predicting the mass flow rate and heat addition in a liquid propellant
rocket engine fuel system during the initial portion of an engine start. The analysis emphasizes nozzle jacket
heat exchange; specifically, flow and heat transfer characteristic influence on power availability. The outstanding
feature of this model is the accurate representation of fluid properties during phase change, and the sub-
sequent affect on mass flow rates. The model also considers conduction and energy storage within the nozzle
walls and makes use of extensive hydrogen heat convection data. The analytical technique is applied to a proposed
20,000-Ib thrust expander engine for the determination of the minimum initial nozzle jacket metal temperature
that will promote starting at various operating conditions. The energy content of engine fuel flow during the
initial portion of startup is compared to predicted turbomachinery torque requirements to determine start
capability. Starting capability is determined for various initial nozzle metal temperatures at fuel inlet pressures
of 50 and 70 psi at sea level. The minimum initial jacket metal temperature that will produce enough energy
to overcome predicted turbine breakaway torque is determined to be 135°R for 70-psi and 385°R for 50-psi inlet
pressures.

Nomenclature
A =

D =
d =
d, =
f =
S~l __

gc =
h =
hf =

k* =
I =
m =
Nu =
Pr =
P =
Q =
Re =
r =
S -
stg =
T =
Tq =
t =
u/c =
V =

x =
a = .
A/z, =
AP -
AT =
77 =

passage area, in.-
specific heat, Btu/lb/R
hydraulic diameter, ft
diameter, ft
turbine diameter, in.
friction factor
mass velocity, lb/ft 2/s
gravitational constant ft/s2

fluid enthalpy, Btu/lb
convective coefficient, Btu/in.2/s/°R
enthalpy change between saturated states, Btu/lb
thermal conductivity, Btu/ft/s/°R
length, ft
fluid mass flow rate, Ib/s
Nusselt number
Prandtl number
fluid pressure, psi
heat flux per unit length, Btu/s/ft
Reynolds number
radial position, in.
suppression factor
number of turbine stages
metal temperature, °R
turbine torque, ft-lb
time, s
turbine velocity ratio
fluid velocity, ft/s
Martinelli parameter
fluid quality
thermal diffusivity, ft2/s
ideal turbine enthalpy change, Btu/lb
superheat pressure difference, psid
total wall superheat, °R
turbine efficiency
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6 = tangential position, rad
A = fluid heat of vaporization, Btu/lb
fji = dynamic viscosity, Ib/ft/h
v = kinematic viscosity, ft2/s
p = fluid density, lb/ft3

ph = fluid density gradient with respect to enthalpy
pp = fluid density gradient with respect to pressure
cr = fluid surface tension, lb/ft

Subscripts
b = bulk
/ = saturated liquid
r = radial direction
v = saturated vapor
w = wall
0 = tangential direction

I. Introduction

T HE prediction of the start characteristics of liquid pro-
pellant rocket engines is important to the engine con-

figuration and control system design processes. Engine start
systems receive secondary considerations since high-power
performance is the chief design objective. Careful synchro-
nization of control actions with transient start processes is
required to deliver the smooth thrust buildup characteristics
desired. The ability to power turbomachinery prior to com-
bustion chamber ignition is an important design concern. Thrust
buildup can be delayed or inhibited if turbine power is in-
sufficient to accelerate propellant pumps. Many difficulties
associated with engine start predictions stem from the non-
linear mass flow and heat transfer characteristics associated
with filling unconditioned engine systems with cryogenic pro-
pellants. Fluid properties are strong functions of temperature
and pressure, and high heat transfer rates result in abrupt
changes in phase. Accurate predictions are especially impor-
tant in engine cycles where this initial propellant flow provides
all of the available turbine power for starting, e.g., expander
cycles.

Expander cycle engines are power limited by heat transfer
to the liquid fuel within the nozzle jacket. The starting power
availability of these engines can be completely characterized
by the fuel system heat transfer during the initial seconds of
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start, and the engine pressure drop, which is given by the
engine operating environment. All startup power is stored as
potential energy in the form of latent heat in the fuel system
and vehicle tank pressure head. Parametric studies, per-
formed using an accurate startup prediction tool, can deter-
mine the starting envelope for expander engines.

The flow path of a typical expander cycle is shown in Fig.
1. At start, engine fuel, typically liquid hydrogen, flows from
the propellant tank through the nonrotating pump, nozzle
cooling jacket, and turbine, discharging to ambient via the
nozzle. Turbine mass flow rate and enthalpy drop produce
the necessary torque to power the propellant pumps. Heat
addition to the fuel from the nozzle jacket walls directly in-
fluences turbine power by setting flow rate and turbine inlet
temperature. A minimum temperature is required for starting
if no additional mechanism is employed, e.g., an external spin
assist. Clearly, an accurate assessment of the heat transfer
characteristics of the nozzle jacket and fuel at this location is
imperative. Heat transfer characterization of cryogenic fluids,
such as liquid hydrogen, are extremely difficult since several
convective heat transfer mechanisms are present simultane-
ously, e.g., film and nucleate boiling. Consideration of the
complex heat transfer phenomena to the fluid make deter-
mination of the minimum initial nozzle jacket temperature
necessary for engine start a difficult task.

Analysis of the starting process is given only a cursory treat-
ment in liquid propellant rocket engine design books.12 Most
attempts to predict these processes and to design startup sys-
tems depend on experimental data for fine tuning prediction
methods. Reference 3 describes test apparatus and analysis
techniques for obtaining the start characteristics of engine
components. The method requires the development of engine
hardware and a dynamic analysis of data taken from low-
range, high-response instrumentation during a simulated
engine start. Hardware test methods are of little use in pre-
liminary design, making more detailed analytical methods a
necessity.

Analysis methods typically involve computer simulation us-
ing lumped parameter models of engine components.4 Com-
ponent characteristics are extrapolated from design conditions
for use in startup predictions. Nozzle jacket heat transfer,
however, cannot be adequately represented in this way. In
particular, the variance in hydrogen properties from those at
the design point require more than the simplistic represen-
tation typically used in these types of analysis.

An analytical technique is presented for determining the
power available for startup of liquid fuel rocket engines by
employing a detailed numerical model of heat transfer within
the nozzle coolant jacket. The outstanding feature of this
model is the accurate representation of fluid properties during
phase change, and the subsequent affect on mass flow rates.
The model also considers conduction and energy storage within
the nozzle walls and makes use of extensive hydrogen heat
convection data. This technique has been shown to match
engine data taken during startup of a well-instrumented Space
Shuttle Main Engine when measured jacket coolant inlet con-

ditions are used as boundary conditions.5 In this work the
method is applied to a proposed 20,000-lb thrust expander
engine for the determination of the minimum initial nozzle
jacket wall temperature that will promote starting at various
operating conditions. The energy content of engine fuel flow
during the initial portion of startup is compared to predicted
turbomachinery torque requirements to determine breakaway
capability. Starting capability is determined for various initial
nozzle metal temperatures and engine inlet pressures at sea
level.

II. Analysis
Determination of the performance characteristics of the

nozzle jacket heat exchanger requires the calculation of cool-
ant mass flow and heat addition in the portion of the engine
from the nozzle jacket coolant inlet manifold to the turbine
inlet, as seen in Fig. 2. Liquid coolant enters the nozzle jacket
from the inlet manifold and flows toward the nozzle throat
cooling the jacket. The coolant is vaporized and exits the
nozzle jacket as superheated or supercritical gas. The coolant
undergoes a phase change and sudden expansion through the
jacket as the unconditioned jacket metal temperature de-
creases. Heat addition comes initially from removing latent
heat from the fuel system, until main chamber ignition, at
which time heat addition is from combustion products ex-
panding through the nozzle.

Coolant flow characteristics are calculated as a one-dimen-
sional compressible flow with friction and heat addition. The
continuity, momentum, and energy equations are combined
and written to allow calculation of the pressure and enthalpy
gradient along the flow path. The relations contain geometry,
heat addition, friction, and fluid property terms. The jacket
fluid inlet and discharge pressure and inlet enthalpy provide
the boundary conditions for the analysis.

A. Coolant Mass Flow Rate Calculation
The derivation of local pressure and enthalpy changes along

the flow path is analogous to the influence coefficient for-
mulation for ideal gases found in Ref. 6. Using the chain rule
to describe the functional relation of density on pressure and
enthalpy in the flow direction x

dp _ dp
dx dh

dh dp_
, dx dp

pressure and enthalpy changes can be expressed as

A dx pg(. D p m
dx (2)

dh
dx

1 dA
pA dx pg.

P,, _ J
p pV2] m

(3)

Fig. 1 Schematic of a typical expander cycle engine.

Time-dependent mass and energy terms are accounted for in
the energy and continuity balances performed over each time
interval. Note the similarity between Eqs. (2) and (3). A flow
path area term, a heat addition term, and a wall friction term
appear in the numerator. The area derivative is dictated by
engine geometry. Q is determined via calculation of the heat
conduction within the tube walls. The change in magnitude
of pf, and pf, during phase change represents the nonlinear
characteristics of the cooling process.
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Fig. 2 Schematic of the nozzle jacket portion of an engine fuel system.
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Fig. 3 Cross section of jacket coolant tubes, illustrating heat transfer
boundary conditions.

B. Heat Transfer Calculation
Heat transfer in the jacket tube is described by a second-

order partial differential equation for the local temperature

_
r dr dr r2 302 a dt (4)

Heat along the i.d. is removed through forced convection to
the hydrogen coolant. Figure 3 shows a section of the jacket
tube illustrating the heat transfer boundary conditions. The
tangential dependence is the result of the tangentially varying
boundary condition and nonuniform heating on the tube o.d.
Axial heat conduction is neglected. The contribution of axial
conduction is small relative to the other components because
of the small temperature gradient along the jacket length and
the small cross-sectional area for conduction. The outer sur-
face of the nozzle jacket tube receives a time-dependent tem-
perature boundary condition on the hot gas side and an in-
sulated boundary condition along the remaining circumference.
Metal brazing connecting adjacent tubes allows only 130 deg
of the tube o.d. to be exposed directly to hot gas. Insulation
is formed over the exterior of the nozzle producing an insu-
lated boundary condition on the portion of the tube o.d.
opposite of the hot gas side. The portion of the tube o.d.
adjacent to other tubes can be treated as an insulated bound-
ary because of the tangential symmetry around the nozzle
circumference, i.e., no temperature gradient from tube-to-
tube. Because of this symmetry it is possible to perform cal-
culations for only one-half of the tube.

The i.d. convective boundary condition is governed by sev-
eral heat transfer mechanisms. Forced convection, nucleate
boiling, and film boiling conditions can exist within the jacket
nozzle. The coolant state, velocity, and tube wall temperature
to fluid bulk temperature difference define the applicable
convective heat transfer mechanism. Two-phase or subcooled
hydrogen may undergo nucleate or film boiling. For super-
heated and supercritical states the heat flux is governed by
single-phase forced convection. Empirical corrections are ap-

plied to analytical predictions for the various heat transfer
regimes.

When subcooled or two-phase coolant is present in a tube
section with a wall temperature greater than the tube satu-
ration temperature, a boiling mechanism may contribute to
the heat flux. Nucleate boiling heat transfer is calculated by
superimposing the forced convection and boiling contribu-
tions to the heat transfer coefficient. When wall temperatures
are significantly higher than the fluid saturation condition, a
maximum or critical heat flux may be reached. This condition
corresponds to the departure from nucleate boiling, at which
point the heat flux drops significantly.

The forced convection heat transfer to subcritical fluids is
governed by a modified form of the Dittus-Boelter relation.7

For small wall to bulk temperature differences the heat trans-
fer is governed completely by

Nu = «Pr()AF (5)

Nu, Re, and Pr are functions of the coolant velocity and flow
properties. The Reynolds number factor F is an empirical
correction calculated as a function of Xtt

I - x A-ilm^ (f±i_\

Pi
(6)

which is a measure of the fluid thermodynamic state. It is a
function of the ratio of p at film and liquid conditions, the
viscosity ratio at the saturated liquid and vapor conditions,
and x. F is the ratio of the Reynolds number calculated at
fluid bulk conditions to that calculated at saturated liquid
conditions to the 0.8 power:

F = (Re I Re (7)

The dependence on the fluid quality is evident by the ability
to represent F empirically as a function of the Martinelli pa-
rameter.7 The Reynolds number factor goes to unity for sat-
urated, subcooled, and superheated fluids.

In the two-phase and subcooled regions, when wall tem-
peratures are greater than the fluid saturation temperature,
a boiling mechanism is added to estimate the total heat trans-
fer. Estimation of this boiling component is based on nucleate
pool boiling relations with compensation made for fluid ve-
locity. The heat transfer relations resulting from the coolant
phase change is given in Ref. 7, where an empirical relation
for the convective heat transfer coefficient is given as

= 0-00122
-M).45n<).49a().25'

pi Pi §c

(8)

The fluid properties that govern pool boiling relations appear
in Eq. (8). These properties, taken at their saturated liquid
or vapor states, are k, Cp, p, cr, ju,, and A. Wall superheat is
accounted for by AT7, AP, and S.

The analysis of Ref. 8 developed the Nusselt number for
pool boiling using a liquid Prandtl number and bulk Reynolds
number. The bulk Reynolds number is governed by the bub-
ble growth rate, which can be described by the effective, or
mean, superheat across the boundary layer AT. For pool boil-
ing the difference between the effective superheat and total
wall superheat is negligible, however, this is not the case for
convective nucleate boiling because of the fluid velocity's ef-
fect on the steepness of the temperature boundary layer.

Equation (8) uses the pool boiling relation with AT and 5,
to estimate the effective wall superheat. AP is the difference
in the saturated pressures corresponding to AT". When wall
temperatures are not greater than the fluid saturation tem-
perature, there is no superheat, and no phase change contri-
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bution to heat flux. The suppression factor is defined exper-
imentally as a function of the liquid Reynolds number and
Xn. The suppression factor approaches unity at zero flow con-
ditions and zero at infinite flow rate.

Convective heat flux increases as the wall to fluid bulk
temperature difference increases until a maximum heat flux
is reached, beyond which there is a dramatic decrease in heat
flux. This critical heat flux marks the departure from nucleate
boiling and the onset of film boiling. In film boiling a vapor
region forms in an annulus adjacent to the heated tube wall.
Heat convection characteristics approach those of forced gas-
eous convection as the energy removed by fluid phase change
becomes limited by fluid interactions at the liquid/vapor
boundary.

Determination of the critical heat flux follows,9 which is
valid for large length-to-diameter lid ratio vertically heated
tubes. The critical heat flux is related to the exit quality of
the coolant; usually greater than zero for large lid tubes.
Critical heat flux is described using correlations based on
coolant quality and a dimensionless mass flux parameter. The
following relations are shown to match data for various re-
gimes of the mass flux parameter9:

1570.5G/L, —
\A

crPL]
U2//

1

0.0031(//d)]J
(9)

= 5339.8G/iA,
0.043

Q-p/ \ d
G-l (10)

= 1539.1G/zA, I-
.Pi

/ogA [ (M)"-^ ]
\G2// |[1 + 0.0031(//t/)]J

(11)
The broad range of flow conditions studied requires the use
of these slightly different correlations to produce a good match
to the data. As a conservative estimate, in our studies we
choose the lowest value of <2crit from Eqs. (9-11). The wall
to fluid bulk temperature difference corresponding to this heat
flux determines whether nucleate or film boiling conditions
exist in the nozzle jacket.

Film boiling is the process in which a vapor film forms in
an annulus adjacent to the heated surface and liquid coolant
flows through the center. Subcooled and saturated coolant
can experience film boiling. Supercritical fluids exhibit film
boiling characteristics analogous to subcritical fluids. Refer-
ence 10 is an extensive source of hydrogen film boiling data
taken over a wide range of fluid velocity, wall temperature,
and tube diameter. The film boiling convective heat transfer
coefficient is calculated as a function of fluid Reynolds num-
ber, Prandtl number, and fluid state. The Martinelli param-
eter is used to apply empirical correction to a theoretical
definition of the Nusselt number.

For subcritical hydrogen the coolant Nusselt number is given
in Ref. 10 as

The theoretical Nusselt number Numm is calculated using the
Reynolds number and Prandtl number defined using prop-
erties taken at fluid film conditions

\7t. —
'V"film ~

r° -4
r f i lm (13)

Again, the empirical correction is applied as a function of Xn,
given by Eq. (6).

Several correlations are given in Ref. 10 for the supercritical
film boiling convective heat transfer coefficient. The corre-

lation selected gives the most accurate results for tube di-
ameters similar to those of the nozzle jacket tubes. The heat
transfer coefficient, defined by a Martinelli parameter-based
correction to the film Nusselt number, represents the best
choice for this situation. The Martinelli parameter for super-
critical hydrogen is defined using a pseudoquality.

The analysis treats supercritical fluid under film boiling
conditions as consisting of low- and high-density regions. These
are analogous to the subcritical film boiling vapor and liquid
regions. The Martinelli parameter correction is given as a
curve fit of empirical data f(X,,), accounting for the fluid
properties of the light and heavy regions. The form of this
correlation is

Nu = (14)

where f ( X n ) is defined in Ref. 10.
At pressures above 800 psi the hydrogen convective heat

transfer coefficient is defined by forced convection. Heat
transfer experiments in Ref. 11 have determined that super-
critical heat convection can be described by the Nusselt num-
ber relation

Nu = 0.021/?e()'sPr° (15)

Since fluid state is well above the critical pressure, the two-
phase film boiling phenomena no longer influences heat con-
vection.

C. Fluid Properties and Process Interactions
The thermodynamic properties of the coolant have a strong

influence on the flow rate and heat transfer characteristics in
the jacket. In addition, the fluid expansion and heat transfer
determine the fluid properties at locations along the flow path.
The interactions of the heat transfer and coolant flow pro-
cesses become evident upon examination of the governing
equations. Depending on the coolant phase, mass flow rate
and pressure drop relationships are significantly different. Fluid
properties greatly effect heat transfer rates through their in-
fluence on the convective heat transfer coefficient. The re-
lationships between pressure, density, and enthalpy also vary
for different fluid states. This effects the governing equations
in the form of the density derivative terms.

Vaporization of the coolant greatly reduces the mass flow
rate, as the low density and small cross-sectional area at the
end of the jacket passage set the flow rate. Heat addition is
the main contributor to this phase change. Expanding coolant
accelerates through the tube. The increased flow velocity re-
sults in an increase in the frictional pressure loss term of Eq.
(2). The heat flux term in Eq. (2) accounts for the pressure
loss associated with heat addition. Fluid density also effects
the pressure loss relation. Higher fluid densities decrease the
effect of friction and heat addition on pressure loss.

Heat addition, as expected, increases the enthalpy gradient
along the passage defined by Eq. (3). The enthalpy gradient
also is affected by the fluid velocity and friction losses. The
heat addition and friction terms of Eqs. (2) and (3) are also
strongly influenced by the fluid density and density deriva-
tives.

The fluid temperature, velocity, and density greatly effect
the heat transfer characteristics. The convective heat transfer
coefficients for all regimes of convection are defined by the
fluid Reynolds and Prandtl numbers. The convective heat
transfer coefficient increases for high-velocity and high-den-
sity coolant flows. The fluid state also determines the appli-
cable heat transfer mechanisms, i.e., film boiling or nucleate
boiling. The dependence of all of these quantities on the
relations of Eqs. (2) and (3) is the basis of the heat transfer
and fluid dynamic process interactions.

The fluid density derivatives determine the extent to which
heat addition and frictional losses effect the coolant pressure
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Fig. 4 Thermodynamic property map for hydrogen.

and enthalpy. The density derivatives ph and pp represent the
change in density with respect to enthalpy and pressure, re-
spectively. Figure 4 is a density/enthalpy/pressure map for
hydrogen. Note the steepness of the density gradient with
respect to pressure for gaseous states relative to that for liq-
uids. The density derivative is positive in both cases. The
density derivative with respect to enthalpy exhibits the op-
posite characteristic. Its value is larger for liquids than for
gases and is negative for both liquids and gases. The friction
and heat addition terms in the pressure loss relation [Eq. (2)],
include the density/enthalpy relation. The density/pressure
relation appears in the numerator of the enthalpy relation
[Eq. (3)]. These quantities account for the density change as
a result of physical processes acting on the fluid.

III. Numerical Approach
To accurately capture the performance characteristics of an

engine at startup, a detailed simulation of the fluid and heat
transfer processes within the nozzle jacket is required. The
nonlinearities due to phase change in the flow make numerical
solution of this conjugate problem computationally challeng-
ing. To simplify the analysis, calculation in the wall and flow
regimes is solved independently at each time step.

The jacket flow path is discretized into a series of volume
elements. The fluid property relations [Eqs. (2) and (3)] are
integrated using rectangular numerical integration to calculate
the pressure drop and property information along the passage
length. The tube inlet flow rate is adjusted until the calculated
pressure drop equals that given by boundary conditions. A
secant-tangent iteration technique with bracketing is used.12

Energy and continuity balances for each fluid volume are
performed simultaneously via a nested iteration using the same
numerical technique. Figure 5 illustrates the numerical ap-
proach to solving the governing equations. Grid density, time
step, and convergence criteria are chosen conservatively so
as to insure stability and accuracy. To obtain grid and tem-
poral discretization independence of the solution, uniform
grids of approximately 0.35 points/in, and a time step of 1 x
10~3 s were found sufficient. The convergence criteria were
established as ±0.005% for both the fluid and energy cal-
culations. Typically, up to 10 iterations on the outer loop are
required to achieve convergence when two-phase flow is pres-
ent.

The two-dimensional heat conduction equation in cylin-
drical coordinates is solved in "slices" of the nozzle jacket
cross section corresponding to each fluid volume. A thermal
resistance model is used to create a set of equations repre-
senting an energy balance in metal volume elements. Thermal
resistances are calculated for internal metal elements and the
jacket boundaries. The set of equations is solved simultane-
ously for the temperature distribution as a function of radial
and tangential position. The matrix containing thermal resis-
tances and a vector containing the current temperatures are

INITIALIZE JACKET
PROPERTIES

LOOK UP BOUNDARY
CONDITIONS

CALCULATE PRESSURE
AND ENTHALPY GRADIENTS

INTEGRATE TO DETERMINE
P AND H NEXT C.V.

GET ALL PROPERTIES
FOR NEXT C.V. =F(P,H)

CALCULATE HEAT ADDITION

PERFORM MASS AND ENERGY
BALANCE; DETERMINE/^ OUT
AND H FOR ENERGY BALANCE

CHECK H FROM
ENERGY BALANCE
EQUAL H FROM PROP

GRADIENT

CHECK P FROM PROP
GRADIENT EQUAL

BOUNDARY CONDITION

Yes

Fig. 5 Flow diagram illustrating the computational procedure.

solved for the new temperature at each location throughout
the jacket. As in the fluid regime, grid density is chosen
sufficiently fine to insure spatial discretization independence:
10 axial, 3 radial, and 12 tangential evenly spaced points were
employed.

IV. Expander Cycle Engine Starting
Capability Study

In an expander cycle all turbine power comes from heat
addition to the hydrogen coolant. There is no combustion
process upstream of the turbines. The analysis emphasizes the
performance of the nozzle jacket heat exchanger, where heat
transfer contributes greatly to turbine power availability. Jacket
discharge flow rate must power engine turbomachinery suf-
ficiently to allow rotation and engine acceleration. The nozzle-
jacket analysis is coupled with a simplified engine model,
including turbine performance and power calculations. Fuel
pump pressure losses and heat transfer in the jacket supply
line are considered negligible. Calculations are performed
over the first i s of the engine start, the time period in which
turbine rotation must occur. Jacket fluid inlet and discharge
pressure, inlet enthalpy, and jacket metal temperature pro-
vide the boundary conditions for the analysis. Jacket inlet
pressure and enthalpy remain at propellant tank conditions,
and metal temperatures cool only slightly from their initial
condition during the short period of interest. Metal temper-
ature effects on the nozzle jacket flow characteristics are de-
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Fig. 6 Nozzle jacket boundary conditions for 50- and 70-psi fuel inlet
pressures, and 520°R initial metal temperature.

termined, establishing a minimum metal temperature that will
not promote turbine breakaway.

The nozzle jacket of this engine is constructed of 185 stain-
less steel tubes, 32.75 in. in length. The coolant passage forms
the combustion chamber and nozzle, providing cooling of both
hot gas systems. Hydrogen makes one pass through the jacket
from the injector face, along the combustion chamber to the
throat, and discharges at the nozzle exit plane. The tube di-
ameter decreases to the throat and then increases as nozzle
diameter increases, forming the divergent section. This pro-
duces a convergent-divergent flow path within the passage
ranging in diameter from 0.07, to 0.03, to 0.13 in. at the inlet,
throat, and discharge, respectively. Table 1 lists the nozzle
properties.

Table 1 Nozzle properties

Jacket length
Distance to throat
Metal conductivity
Metal specific heat
Metal density

32.75 in.
11.5 in.
2.176 x 10~4 Btu/in.2/s/°R
0.1099 Btu/lb/°R
0.2951 lb/in.3

"om°

Oo.
u!°

—— — —•• — —--250 R

—————————— 300R
................350R
._._._.-.._._._ 400 R
—————————— 450 R
——————————— 520 R

a)
0.05 0/10 """

T IME FROM ENGINE
0.15

S T A R T - SEC

/S//S&/mi^
0.10 0 .15

TIME FROM ENGINE S T A R T - SEC

Fig. 7 Nozzle jacket hydrogen mass flow rate for various initial metal temperature at a) 50- and b) 70-psi fuel inlet pressures.
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Hydrogen enters the nozzle jacket from the chilled-down
pump upon sequencing of pump cooldown overboard and
main fuel shutoff control valves. Nozzle jacket discharge flows
through the nonrotating turbine and the combustion chamber
injector to ambient pressure. The analysis is performed for a
sea level start, where injector discharge is at atmospheric
pressure. Simulations are performed for two engine fuel inlet
pressures, 50 and 70 psi.

V. Discussion of Results
Jacket mass flow rate, heat addition, and turbine torque

are calculated for start transients for engines with varying
initial jacket metal temperatures. Engine fuel system, turbine,
and injector calculations must be performed in conjunction
with the nozzle jacket analysis. Turbine performance is doc-
umented in Ref. 13. Jacket discharge mass flow rate and
enthalpy are used to calculate turbine torque. The predicted
breakaway torque for this turbine is 0.6 ft-lb. If this torque
is not achieved at any point during start there will be no
turbopump rotation, and, consequently, no possibility of thrust
buildup.

Figure 6 shows the jacket inlet and discharge pressure and
inlet enthalpy boundary conditions used in the analysis for
the 520°R metal temperature. Pressure and enthalpy are ramped
to engine inlet conditions in 0.1 s, representing the response
characteristic of typical engine control valves. Jacket dis-
charge pressure is set by the turbine and injector flow char-
acteristics.

Figure 7 shows the calculated total jacket hydrogen mass
flow rate for all tubes during the first 0.25 s of engine starts
with initial metal temperatures ranging from 520 to 100°R.
Mass flow rate increases from 0 to 0.1 s as inlet pressure
increases. Flow rates peak just after 0.1 s and then decrease
slightly as the jacket is back-pressured by increasing injector
flow. Colder metal temperatures produce higher mass flow
rates. The decreased heat transfer results in higher density
fluid throughout the jacket and higher mass flow rates. At
the steady-state conditions reached by 0.25 s, mass flow ranges
from 0.04 to 0.077 Ib/s for an inlet pressure of 70 psi, and
from 0.025 Ib/s to 0.050 Ib/s at 50 psi as initial metal temper-
ature is decreased from 520 to 100°R.

Hydrogen exiting the nozzle jacket has been heated to a
temperature equal to the metal temperature at the jacket
discharge. Jacket metal cooling begins at the inlet of the pas-
sage, progressing toward the discharge as colder fluid begins
to fill the jacket. Over the short duration of interest, little
heat is removed from the discharge end of the jacket. Coolant
discharge enthalpy is set by the metal temperature and fluid
pressure at the jacket discharge. The peak discharge enthalpy
over the 0.25-s transient ranges from 1730 to 250 Btu/lb for
70-psi inlet pressure, and from 1730 to 245 Btu/lb for 50 psi.

The fluid temperature change along the jacket length pro-
duces variable heat transfer conditions within the passage.
Figure 8 shows the longitudinal fluid and wall temperature
gradients for the near steady conditions at 0.25 s for the 70-
psi inlet pressure, 520°R temperature case. Boiling begins
almost immediately upon entering the jacket passage since
the jacket temperature is much greater than the hydrogen
saturation temperature. Since the wall to fluid temperature
difference, corresponding to the departure from nucleate boil-
ing, is less than 10°R, film boiling conditions exist in this
region. The saturated vapor condition, at which point the fluid
becomes a single-phase vapor, is clearly marked on the figure.
Downstream of this point, heat transfer is characterized by
single-phase forced convection. As the coolant temperature
approaches the jacket temperature further downstream, heat
transfer diminishes.

Turbine torque at 0 rpm is calculated using nozzle jacket
discharge flow rate, and enthalpy

(16)

where Ai7/A(w/c) is the slope of the efficiency vs tip velocity
ratio. The slope of the efficiency vs tip velocity ratio is ob-

Table 2 Turbine and
injector characteristics

Turbine area
Turbine diameter

Turbine stages
Injector area

0.29 in.2

6.75 in.
3.9
1
0.218 in.2

0

METAL TEMPERATURE

/** COOLANT TEMPERATURE

SATURATED
VAPOR

10 15 20 25 '30' 35

D I S T A N C E A L O N G J A C K E T P A S S A G E - I N C H

Fig. 8 Nozzle jacket passage temperature distribution at 0.25 s for 70-psi fuel inlet pressure and 520°R initial metal temperature.
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Fig. 9 Turbine torque for various initial temperatures at a) 50- and b) 70-psi fuel inlet pressures.

tained from component performance predictions.13 Turbine
and injector characteristics are summarized in Table 2. Tur-
bine torque vs time from start initiation is shown in Fig. 9 for
initial metal temperatures ranging from 520 to 100°R. The
predicted torque requirement of 0.6 ft-lb is shown for com-
parison. Available torque increases from zero and peaks just
after jacket inlet conditions reach steady state. Steady-state
torque increases with increasing initial jacket metal temper-
atures. Note that in both Figs. 9a and 9b, corresponding to
70- and 50-psi inlet pressures, respectively, there are a number
of initial jacket metal temperature conditions in which tur-
bopump rotation will not occur, i.e., 0.6 ft-lb of torque will
not be generated.

VI. Summary and Conclusions
An analytical technique is presented to predict the dynamic

character of start processes in the fuel system of a liquid

hydrogen-fueled rocket engine. The heat transfer and fluid
flow rate, phase change, and expansion characteristics have
been determined and the resulting available engine turbine
torque calculated. The outstanding feature of this model is
the accurate representation of fluid thermodynamic properties
during phase change and subsequent affects on heat transfer
and mass flow rates.

The analysis has determined an initial jacket metal tem-
perature requirement for turbine breakaway for starting an
engine with 70- and 50-psi inlet pressures and sea level dis-
charge conditions. Care must be taken during engine prestart
conditioning to insure the nozzle jacket is not cooled to this
level prior to a start. External start assist mechanisms, e.g.,
bottled helium spin assist, or additional heat sources must be
employed to insure the required turbine torque is achieved.

The techniques developed for this analysis can be applied
to a number of engine cycle designs. Similar analysis of the
Space Shuttle Main Engine starting characteristics has been
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performed using engine data for verification of prediction
accuracy.5 Calculated nozzle jacket heat addition and pressure
drop show good agreement with engine data when measured
jacket inlet conditions and metal temperatures are used as
the analysis boundary conditions. The techniques presented
can also be used for predicting cooldown requirements of
cryogenic systems, where accurate predictions of nucleate
boiling heat transfer are critical. Although this study assumed
sea level conditions, high altitude starts can also be simulated,
providing appropriate modifications are made to the heat
transfer correlations to compensate for low and/or high gravity
effects. Since three critical factors vary during space opera-
tion, hydrogen tank supply pressure, engine discharge pres-
sure, and the extreme range of nozzle jacket temperatures,
analyses of this type are essential to ensure a successful engine
start. More accurate predictions at starting capability, includ-
ing thrust buildup characteristics, could be attained by in-
cluding oxidizer system and combustion process models in the
analysis and by considering other fuel system effects.
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