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1.0 PURPOSE AND CONCLUSIONS
1.1 Purpose

The purpose of this report is to present the results of an effort to de-
velop generalized, transient and steady-state simulation models for the oxygen
and hydrogen attitude control propulsion systems (ACPS) for the space shuttle.
The document presents: (1) the results of a literatu;e and computer survey of
methods and models currenfi§Aused by industry, NASA centers and other govern-
ment agencies to simulate the steady-state and dynamic operation of ACPS and/
or individual components; (2) a comparison and evaluation of various simula-
tion techniques obtained from the survey; and (3) the techniques selected or
developed for use in this program to develop generalized and flexible steady-
state and dynamic simulations models to characterize ACPS. The transient and
steady-state computer programs resulting from this effort can be used to
characterize the operation of a wide variety of ACPS configurations. Oxygen
(02) and hydrogen (Hz) data have been incorporated into the programs to allow
ease in evaluation of 02 - H2 ACPS shuttle configurations. Propellant data
must be incorporated into the programs in order to simulate ACPS using diff-
erent liquid or gaseous propellants.

This program was conducted under the TRW-Houston Support Contract NAS
9-8166, and this effort was identified as Task 705-1. Effort was initiated
in September 1970 and completed in June 1971.

1.2 Conclusions and Recommendations

k'The effort under MSC/TRW Task 705-1, Characterization of the Attitude
Control'Propulsion Systems, has resulted in the development of generalized
steady-state and transient models for simulating the operatiop;of a variety
of ACPS configurations. Both programs were developed in modular form (each
module’reprééenting a system component) and provide the user with the flex~
ibility to modél many different ACPS concepts fhrough the use of input data.
The quels were deve10ped in sufficient detail to characterize the thermo-

1
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dynamic and fluid mechanics performance of each component and their effects

on overall system performance. ACPS transients can be analyzed for pressure
and flow rate variation and both programs are capable of performing parameter
studies. The fluid pressure and temperature profiles resulting from operating
the ACPS during a particular mission duty cycle can be determined. 1In addition,
alternative control modes and system operational sequences compatible with a
given mission duty cycle can be determined by the programs. The programs are
also capable of determining ACPS performance and behavior while simulating
critical system component malfunctions and alternate modes of operation.

Due to the limited resources and time available to Task 705-1, both
models contain simplifications. There are several candidate areas for program
expansion which would result in greater program capability. For example, the
current steady-state program contains a simplified combustor model in which
the specific impulse and the properties of the combustion products are modeled
as functions of mixture ratio only. 1In order to simulate in more detail the
effects of combustpr performance on overall system performance, the combustor
model should be exﬁanded to include the effects of the nozzle expansion area
ratio, inlet temperature, and variations in the chamber pressure. The tran-
sient model is currently capable of simulating the dynamics of fluid flow at
low Mach numbers and small density variations. In order to perform detailed
ACPS analyses, a line model capable of taking into account larger variations
in the fluid density, flow at higher Mach numbers and the effects of heat
transfer into the lines should be incorporated. Also, the addition of the
effects of a combustion time delay may be necessary in order to carry out de-
tailed analyses of combustor start transients. This time delay results from
théftime that it takes for the gases to mix, or at the lower mixture ratios, the
result of the time that it takes for,them tb chemically react. If the effect
is sighificant, the initiai.ignition procéss should be modeled in more detail.

2



2.0 INTRODUCTION

o
L

The design and development of attitude control propulsion systems (ACPS)
for future vehicles such as shuttle will require extensive analyses to establist
_
optimum system concepts. These analyses will consist of parametrically gen-

erating sufficilent component and subsystem data to permit evaluation of ACPS

concepts which meet a variety of mission objectives for a wide range of

ML Nl Evar KRG e R

operating conditions. Since emphasis will be placed upon revsability, high
performance, safety, reliability and low cost for all components of future

spacecraft, it is imperative that the analytical tools available for perform-

AP

ing these analyses provide the capability and flexibility to parametrically

integrate system components into a variety of ACPS configurations. These

i . R 4‘. &41
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analysis programs must also be capable of evaluating point designs of can-
didate systems, determining the effects of component operation on overall

system performance, determining system performance under both design and off-

‘*Q;wf@amtwgm_mw e
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design conditions and characterizing final ACPS design configurations. Since

the ACPS must be integrated with other vehicle subsystems to achieve optimum

ii

overall vehicle performance, the analysis programs must provide the addition—

al capability of determining the effects on ACPS performance of subsystems

integration and interaction.

MSC/TRW Task 705-1, "Characterization of Attitude Control Propulsion

Systems," was initiated in order to develop programs with the capability to

accomplish the requirements noted above. Specifically, the objectives of
this task were to develop transient and steady-state analysis computer pro-
grams for a modular structure with generalized simulation capability suitable for

. Evaluation of competing candidate ACPS;

. Determining ACPS design criteria and operation constraints;

W N

. Determining the effect of component function on system performance,
for a variety of system configuratioms;

4, Evaluating various point‘design conceptsf




5. Failure mode evaluation;:
6. Control system studies;
7. System operating sequence studies

8. Determining ACPS performance due to vehicle subsystem integration
and interaction; and

9. Characterizing final design configuration operation.
Program capabilities required are shown in Table 1. Under this task all ACPS
components have been modeled in sufficient detail to fully characterize the
thermodynamic and fluid mechanics performance of each component and its effect
on overall system performance. The resulting models provide the capability
for determining fluid pressure and temperature profiles‘resulting from operat-
ing the ACPS during a particular mission duty cycle, and for determining
methods of control and system operatiorn compatible with a given mission duty
cycle. In addition, the models can provide the ability to determine ACPS
performance and behavior while simulating critical system component malfunctions. f%ii

The objectives of this Task have been achieved by performing the follow-
ing thbree subtasks:

Subtask I : TIdentification and evaluation of various analytical

: techniques used to characterize the dynamic behavior

and performance of propulsion systems and a definition
of the recommended approach.

Subtask II : Application of the techniques selected in Subtask I to
the development of general purpese computer programs
to satisfy the requiremefts listed in Table I.

Subtask III: Demonstration and operation of the program by select-
ing a typical ACPS design and operating the program
over a range of conditions on the MSC computer facilities.
This report presents the results of these subtasks, including a summary
of the analytical techniques used to characterize the operation of the ACPS

and a description of the resulting steady-state and transient computer pro-

grams.



TABLE I

COMPUTER PROGRAM CAPABILITY REQUIREMENTS

Transient Analysis Program

1. Component Sequencing

2., Subsystem energy requirements
3. Total impulse

4. System dynamics

5. System stability feedback:

"line, valve and injector pressure
surge, engine and feedline pressure
overshoot"

6. Effects of geometry changes on
start and shutdown

7. Effect of initial conditions
8. Component malfunction
) 9. Component performance
:} 10. Varied component design and location

11, Varied engine configuration

12. Control system characteristics

Steady-State Program

1. System balance requirements . %
2. System and component performance

3. Varied componént design and location
4. Effects of initial conditions

2. Effects of component malfunctions on
System performance

6. Effects of component and control element
tolerances on system performance
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3.0 CHARACTERIZATION AND EVALUATION

Analytical techniques available for characterizing the dynamic behavior
and performance of ACPS components (shown in Table 2) were evaluated on
the basis of: state-of-the-art; efficiency; adaptability to solution by
digital computer; previous usage; accuracy; availability of characterization
parameters and adaptability to modular computer program construcrion. Basically,

this subtask was divided into four phases :

Phase I Literature/Computer Simulation Search
Phase II Comparison Review

Phase III  Technique Evaluatiomn

Phase IV Recommended Techniques

The initial part of the subtask consisted of a survey of methods and
programs currently used by industry and other NASA centers and governmental
agencies including those at Lewis Research Center (LeRC), Marshall Space~
Flight Center (MSFC), Jet Propulsion Laboratory (JPL), Arnold Engineering
Development Center (AEDC), and Air Force Rocket Propulsion Laboratory (AFRPL).
Contacts were established with companies performing ACPS simulation work on

the Shuttle Vehicle, and the applicable computer programs formulated by these

companies were reviewed.

3.1 LITERATURE/COMPUTER SIMULATION SEARCH (PHASE I)

Several literature search requests covering the entire scope of informa-
tion deemed pertinent to the modeling of the Shuttle ACPS were submitted to
the TRW Technical Information Center., The action taken on these literature

search requests covered all available information sources as follows:



TABLE 3-1

TYPICAL ACPS COMPONENTS/SUBASSEMBLIES

® Combustors
® Thrustors
® Gas generators
® Injectors
® Manifolds
© Turbopumps

® Heat Exchangers

® Tanks

® Accumulators

® Liquid tanks

® Gas Lines

® Liquid Lines

® C(rifices, Bends/Restrictions

@ Regulators

® Control Valves

T ——



L - Maoually performed survey of all epgineering and scientific
publicaticons including advanced degree theses.
2 -

Mapually performed review of indexes containing lists of
Ccomputer programs shared by all NASA facilities and cone-
tractors. 4&mong those indexes which contained the most
pertinent information were COSMIC (Computer Software Manage=
ment and Toformation Center) and the NASA ADP Resource Sharing
System Computer Programs,

3 - Computerized search of all information available to NASA
facilities and the Defense Documentation Center ODC)

This effort resulted im a large bibliography of potentially applicable
information and voluminous computer printouts of titles and abstracts. The
information resulting from this effort is presented in Section 3.1 of
Reference 33.

Upon receipt of the above information, a review of all titles and
abstracts (if available) was carried out in order to select information
for further examination under the Phase Il comparison review. The ACPS
Literature Search File was implemented to systematically control the

receipt and filing of the AGPS information obtained under this portion of

the Task.

3.2 COMPARISON REVIEW (PHASE II)

Upon review of the available bibliographies, those items indicating
strong applicability for:the ACPS were chosen for the comparison rveview.
The selected literature and computer programs which are pertinent to this
task are itemized in Section 3.2 of Reference 33. A preliminary review was

‘made of this literature to determine which would be most suitable for

comparison, and detailed documentation was oxdered.



The second phase (Comparison Review) consisted of evaluating those
items of information for which detailed documentation was received.
Comparisons were made to determine similarities and differences between the
analytical approaches as well as to ascertain their apﬁlicability to the
ACPS task. Unique solution techniques were evaluated to the extent

necessary to assess their validity and accuracy of approach.

3.3 TECHNIQUE EVALUATION (PHASE III)

The candidates defined in the comparison review were further reviewed
to determine the final, pertinent information of the ACPS comparison eval-
uation. A synopsis of the technique evaluation phase information items is
presented in Section 3.3 of Reference 33.

A cursory review was also performed of the Space Shuttle High and Low
Pressure Auxiliary Control Propulsion Subsystem Definition studies (Refer-
ences 1, 2, 3; and 4). These studies were performed by McDonnell-Douglas
Astronautics Co. - East and TRW Systems Group, Redondo Beach. A typical
high pressure turbopump cycle was obtained from Reference 3 and is shown
in Figure 2. A typical low pressure system cycle was obtained from Reference
4 and is shown in Figure 3. These figures represent configurations which

were being considered for the Shuttle ACPS.

~

10
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Extensive evaluation of techniques for characterizing supply line
models, combustor models and general program organization was performed.
Computer running time, integration techniques, model adequacy (accuracy) and
digital computer adaptability (Univac 1108) were considered during this
evaluation.

Program organization for generalized type of computer programs were
evaluated by initially reviewing the Pipetran Computer Program (Reference 5),
the Matrix Oriented Production Assembly System (MOPAS), Reference 6, the
Propulsion Analysis Program (PAP), Reference 7, and the Hydraulic Transient
Analysis Program (HTAP), Reference 34, supplied to TRW from MSC Auxiliary
Propulsion and Pyrotechnics Branch. The ideas and formats associated with
configuration selection, executive operation and the modularized form
incorporated into these programs were useful in setting up the generalized
ACPS programs. The Namelist data input was selected for program input due
to ease of handling for the engineer. The executive program operation was
fashioned after that of the Pipetran program with the configuration selec-
tion as input data and the executive driver handling the coupling of components
and the solutions of simultaneous equations. The line model was established
as the main program link due to its role of coupling segments with the other
ACPS modularized components.

Since the line model was used as the main program link, considerable
effort was expended in evaluating techniques for characterizing low Mach
number gas and liquid lines. As a result of this effort, four programs were
established as possible candidates and evaluated: (1) The ORI program,
Reference 8; (2) the HTAP program; (3) Pipetran; and (4) a preliminary
dynamics line model developed for the Space Shuttle Vehicle Definition study

by TRW/Redondo Beach. The Pipetran Computer Program was eliminated immediately

33
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because it was used mainly for long gas lines and the flow dynamics were not
applicable. This program used the finite difference technique for evaluating
the partial differential equations. The dynamics line model from TRW/Redondo
Beach was eliminated because it is simplified and not generalized enough for
this application. The remaining two programs (the ORI and HTAP programs)

are closely related, although the HTAP program is a generalized model and

the ORI program is not. However, both programs use the method of character-
istics (Reference 9) to solve the transient fluid flow equations including
friction terms. The method of characteristics technique transforms the
partial differential transient fluid flow equations into ordinary differen-
tial equations which are then solved by the first order finite difference
method. Although another method for solving the partial differential equa-
tions directly using the finite difference solution was considered (Refer- jig
ence 17), it was not used for this effort because of possible stability prob-

lems. Since both the HTAP and ORI programs use the method of characteristics

for solving the partial differential equations and because these programs

have been checked out; it was decided to incorpofate this technique into the

ACPS dynamic line model (Section 3.4.2). The ORI program has substantial
documerntation with several checkout cases, while the HTAP program has been

used by the Auxiliary Propulsidn and Pyrotechnics Branch at MSC to evaluate

Apollo transient data and Skylab propulsion test transient data. The acc-

uracy of the HTAP program has been demonstrated utilizing actual test data.

Therefore, the ACPS line model developed for this task’was verified by com-

parison with the HTAP model. Since the method pf characteristics solution

isiwell understood, and because neither the ORI nor the HTAP programs had

the necessary flexibil‘ity to be readily adaptable to the ACPS problem,y it '@

14



was most feasible to tailor an executive scheme to the ACPS problem. It
was decided to use a modified method of characteristics for specified time
intervals as described in Reference 11 (Chapters 2 and 3). This technique
is tailored for the analysis of large networks such as those to be modeled by
the ACPS Program. The numerical integration of the characteristics equations
is accomplished by a simple first order finite-difference approximation.

In selecting a combustion chamber transient model, two TRW models were
reviewed. The first was developed for solution on an analog computer and
is the one adapted for use in this program. A Runge-Kutta integration scheme
was incorporated to adapt it for use on a digital computer. This model is de-
scribed in Section 3.4.12 and the results of the evaluation leading to its adop-
tion are given in Section 4.C. The second model used an approach which consisted
of linearizing the equations over each time step and obtaining a semi-
analytical solution. Although this approach has some merit, because of the
treatment of sonic flow into the chamber and of the valve forcing function,
the chamber pressure differential equation was not in the form adaptable
to the general transient case. The claimed advaﬁtage of this approach is,
however, that the computational time step sizes can be twice the size ag
that requiréd using the Runge-Kutta scheme. However, verification of this
advantage would require that the two models be put on a more comparable
basis, since they now differ in more than just their integfation schemes.

The effort required to make this comparison was not justified.

3.4 ACPS TRANSIENT AND STEADY-STATE CHARACTERI ZATIONS

The ACPS transient and steady-state characterization computer models
implement the best techniques identified in the Subtask 1 effort, and pro-

vide a flexible generalized characterization of ACPS components. The ACPS

15




characterization techniques provide a high degree of accuracy and are amen-
able to computer solutions. The results of this task provide NASA the frame-
work of a program which can be utilized to simulate the vast majority of

ACPS concepts in dynamic and steady-state modes of operation.

This section presents the transient and steady-state modeling techniques

for the following components :
Combustors and gas generators
Manifolds and Injectors
Turbopumps
Junctions
Heat Exchangers

Accumulators and Pressure Vessels

Supply Lines x

“ocie.w cegaelators, Orifices, Pipebends and Valves.

The steady-state program consists of a main-driver program and subrou-
tines representing the components in the form of non-linear implicit simul-
taneous algebraic equations. The choice of which variables are known and
which ones are to be solved for are determined by input information specified
by the user. For instance, in the thrust chamber model, the chamber pressure
and flowrates may be stipulated and the throat area and injector orifice
areas computed, or vice-versa. The user, of course, is constrained to pick
a set of unknowns that result in an independent set of equations. In this
respect, the steady-state program will be more flexible than the transient
program. The nature of the equations in the transient model require that the
hardware dimensions and characteristics (such as resistances) be input. From
this input, the program computes the flow conditions (velocity, pressure, etc.) ‘

as functions of time.

16



characterization techniques provide a high degree of accuracy and are amen-
able to computer solutions. The results of this task provide NASA the frame-~
work of a program which can be utilized to simulate the vast majority of
ACPS concepts in dynamic and steady-state modes of operation.

This section presents the transient and steady-state modeling techniques

for the following components:‘
Combustors and gas generators
Manifolds and Injectors
Turbopumps
Junctions
Heat Exchangers
Accumulators and Pressure Vessels
Supply Lines
vigslute segelators, Orifices, Pipebends and Valves.

The steady-state program consists of a main-driver program and subrou-
tines representing the components in the form of non-linear implicit simul-
taneous algebraic equations. The choice of which variables are known and
which ones are to be solved for are determined by input information specified
by the user. For instance, in the thrust chamber model, the chamber pressure
and flowrates may be stipulated and the throat area and injector orlflce.
areas computed, or vice-versa. The user, of course, is constrained to pick
a set of unknowns that result in an independent set ofbequatlons. In this
respect, the steady—state“program will be more flexible than the transient
program. The nature of the equations in the transient model require that the

hardware dimensions and characteristics (such as resistances) be 1nput. From

this input, the program computes the flow conditions (velocity, pressure, etc )

as functions of time.
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3.4.1 Supply Lines Steady-State

Four steady-state supply line models were developed in order to provide
simulation flexibility to the user. Three gas line models include the cases
for (1) heat transfer with friction, (2) an isothermal line and (3) an
adiabatic line. The liquid line model uses the momentum equation to deter-
mine the pressure drop in the line and the energy equation to calculate dis-
charge fluid temperature. The following sections present the formulation

of these models. The nomenclature for this formulation is given at the end
of each section.

3.4.1.1 Gas Lines with Friction and Heat Transfer

The supply lines for the steady-state model are simulated assuming a
constant temperature for the environmment surrounding the lines (Figure 3).
Therefore, the heat transfer coefficient (h) must be computed based on the
Reynolds, Prandtl & Grashof numbers, Heat transfer jnto the fluid flowing
in long gas lines is treated by numerical integration with respect to
distance. The supply line model will handle the case of combined friction
and heat transfer.

The general approach utilizes the energy equation expressed as a
function of the heat transfer coefficient (page 243 of Reference 20) and is
described below.

WdQ=%D2

pV (de'l‘o) =h(dA)(TE - Taw) (1)
where Taw = Adiabatic wall temperature (Figure 4).

TE

Y

Q

— |
13 2
T

B—
FIGURE 3 - CONSTANT HEAT FLUX INTO LINE ELEMENT
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-— Stagnation Temperature —s
(Free stream) '

Temperature
[“*=  Fluid

Distance from Wall

FIGURE 4 - DEFINITION OF ADIABATIC
WALL TEMPERATURE

The dimensionless parameters are computed as follows for use in the
energy balance.

Grashof Number

, 2.3
- G -
NGE'BE EE(TE Tol) & D
2 (2)
Prandtl Number
N,. =Cu (3)
k
Reynolds Number
N, = WDp , - /
Re ""‘Au \4)
OQutside film coefficient
| _ .53k 8 . .4
HO B Do [NRe NPr ] (5)
Inside film coefficient
.25
B = 42523 [NGr NPr] ’ ' : (6)
i .

vaerall‘Heat'Transferfcoefficicnt ,
) Ao Hi Ai WC

(Ho +VHrad ,

0 _
Hi Ai wc + (Ho * Hrad) Ao wc + Hi Ai ,(Ho + Hrad) AKA

(6a)

o
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= AIPC I it

e ——
¥

where
o

L D
AK =K= In (D.)/Z'ﬂdx

1

Radiation heat transfer coefficient

Calculation of radiation effects is performed by an iterative procedure
of equations 7 thru 9.
The pipe wall temperature is estimated as follows :

T - (HO + Rad) Teow + H, T (7)
(H + Rad + H,)
(¢} . g

The radiation heat transfer coefficient is calculated as follows:

_ -8 _ 2 L2 (8)
Rad = 0.1714x10 (TE TW)(TE + 1W )
Hrad = Rad (9)
The friction factor is based on the Reynolds number:

_ 0.32
f = 0.0014 + 0.125/(NRe) | (9a)

For subsonic flow the adiatatic wall temperature, Taw’ does not differ

significantly from the stagnation temperature To (for M < 0.3 the error

- less than 0.3 percent)., Therefore, Taw = To and Equation 1 becomes.

dT 4du

°_ = TV o2 (10)
T_~T e P
'E "o

integrating with respect to distance;

T~ T
ln(E o, V= 4U

S (11)
T T / pCp'nD vV
E - "o
2 -
solving Equation 11 for To‘:‘
4 |
T°2 =T, - (T, - Tol) e (pﬂDszV) | (12)

19



Therefore, TO can be calculated for any value of line length (dx).
Mach numbers are obtained by a finite difference iterative integration

as follows;

dM2 = F dT

Ix

o)
o T f
o

where the influence coefficients are asg follows:

. = M2 (14yM2) 1+ =L 2
T 2
0 == 5 (14)
1-M
eoowtae l;—l M%)
£ - 5 (15)
1 -M
the finite difference equation is then written :
2 Fr F, 4 f dx ,
2 2 0 R LA (16) |
M,” = M," = T \ ; 4 2 -1
2 1 o Df "o —
—2 41 il v, T,
i i i : 4
i | 5
_— — M M = 1 + *
where FT 5 Ff are influence coefficients evaluated at 1 + 2 & T0 . s %9
(o) 2 .

3.4.1.2 Liquid Line

The liquid line model was derived for an incompressible fluid (constant
density) and calculates the discharge pressure utilizing the momentum
equation and a discharge fluid temperature which is based on the energy

equation. The following equations represent the component model formulation.

20
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The momentum equation is used to obtain the discharge pressure and is

written as follows:

Ggg w2 L
P2 = Pl + oL E——-sin(a) - 5 (fB + KLT) (17)
c pLA 8¢

The hydraulic resistance may be input or calculated as follows:

L 1
= (6K S (18)

c
The discharge pressure in 1bm/1b2 is represented by:
G <2

EE W
- — - _ 19
P2 Pl + PL 5o Z sin(a) HR (QL) (19)

The energy equation is used to calculate the fluid discharge temperature and

is given by:

WCvdl =dQ+ d F (20)
W Cv dT = u(T, - T‘ff) dx + dF (21)
Uy = T,) &x rx VR (22)
T = * +f E;— 2¢Cv i Tf
£, W Cv 8 1

The overall heat transfer coefficient (U) is calculated in the same manner

as the gas line per Equations (2-11).

3.4.1.3 Isotlermal Lines

Isothermal flow with friction is of interest in transporting gas over
long distances. Although the Mach numbers for such flows are usually quite
low, there are substantial changes in pressure due to the great lengths
over which friction acts. Therefore, the flow may not be treated as
incompressible.

The isothermal line model obtains the Reynolds number from Equation (4)

and the gas properties from the Froperty routines. The friction is obtained

21



from Equation (9a).

The following equation (Reference 20, pg. 182) is evaluated for the pressure

drop as a function of Mach number using a Newton Raphson solution process.

2 P
T fL 2
4 (24D - 1In P )

MW)D 1

PY - P2 = 155.6943 ¥

3.4.1.4 Adiabatic Lines

The analytical solution of adiabatic constant area flow in a pipe had
been forumulated assuming the fluid is a perfect gas. Incorporation of the

compressibility factor could be performed as a future nodel imgrovement.

The assumptions for adiabatic flow are: a) the flow is one-dimensional,
b) the flow is steady, c) there is no external heat transfer or shaft work,
d) the differences in elevation produce negligible changes compared with
friction effects, and e) the duct is of constant area.

The adiabatic model obtains the Reynolds number from Equation (4),
and the properties from the property data. The friction factor is
calculated from Equation (9a).

The following equation (Reference 20, pg. 167) is utilized to obtain

the discharge Mach number using a Newton Raphson solution process.

[ 2 2
4 -f -_B— = 1-214 P %+1 1n Lﬁ.]_‘.b_'ILl 2 -
| Y i 2(1+Y-5—M 3 1
l-M2 + y+1 1 (y+l)M2 =
M 2y s Y=1 o2
E 2(1 + 5= NH%)




SYMBOL

Cv
dF
dQ
dT

dx, Ax

NOMENCLATURE (Section 3.4.1)

DESCRIPTION

Inside cross-sectional area of pipe

Length divided by area

Angle pipe makes with horizontal

Volume coefficient of thermal expansion
Specific heat at constant pressure
S-ecific heat at constant volume
Frictional loss

Differential heat

Differential temperature
Pipe length segment
Diameter of line
Emissivity

Friction factor

Influence coefficient
32.174

Local gravitation

Grashof number

Specific heat ratio, cp/cV
Outside film coefficient
Inside film coefficient
Hydraulic resistance
Radiation heat transfer coefficient

Heat transfer coefficient

Total loss coefficients; bends, contractions, etc.

23

UNITS

in
1/ft

deg

1/°R
BTU/°R-1bm
BTU/1bm-°R
BTU/1bm
BTU/1bm

°R

ft

in.

9
1bm-ft/sec”1bf

ft/sec2

BTU/hr-ft2-°R .

2_0R

2

BTU/hr-ft

secz/ft-in

BTU/hr-ft2-°R

BTU
E

hr ft F



NOMENCLATURE (Section 3.4.1) (Continued)

SYMBOL DESCRIPTION UNITS
k Fluid thermal conductivity BTU/hr-ft-°R
L Length of pipe 4 4
MW Molecular weight -
U Viscosity 1bm/ft-sec
M Mach number down pipe -
NRe Reynolds number -
NPr Prandtl number -
P Pressure psia
Q Constant heat flux into pipe BTU/sec
P Density fluid lbm/ft3
o Stefan-Boltzmann constant, 0.1714 x 108 BTU/hr—ftz-oR
TE Temperature of environment °r |
Tw Temperature of wall OR '
Tn Temperature of fluid down pipe °r
T, To Temperature of fluid or stagnation temperature fluid °R
U Overall heat transfer coefficient BTU
hr ©R

Y Velocity fluid initial ft/sec
W Flowrate 1bm/sec
W Wall thermal conductivity BTU/ft-hr-°R

. SUBSCRIPTS

2 Discharge
1 Inlet
f Fluid
L Liquid
E Environment
o Outside

i Inside

24
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3.4.2 Supply Line Transients

The partial differential equations representing one-dimensional tran-

sient flow of a liquid in a pipe are given in Reference 11 as:

dH 2 3V dH . -
3H y Vv av fviv _ 2
e3x *Vixx Y 57 Y T ¢ (2)

Equation (1) is the continuity equation while Equation (2) is the equation

of motion. However, for use in circumstances where the local acceleration

may be zero, or nearly zero, the above two equations are not satisfactory

because H contains g in the denominator; and therefore, the product of gravity

(g) times the total head (H) as g approaches zero becomes the indeterminate

form of 0/0. The equations can be readily put into a form suitable for use

at both zero and nonzero g; however, by making the substitution:

H = 144 Zc % + 2

res (3)

Equations (1) and (2) are hyperbolic in form and can be solved either by

substituting directly a finite-difference approximation for each term or by
converting them into four equivalent ordinary differential equations by the
method of characteristics and then substituting finite-difference approxi-
mations for each term (see References 17, 18, and 19). Although the

former approach has certain advantages (see References 18 and 19), there
appear to be no cases reported in the literature of equations having exactly
the form of Equations (1) and (2) being solved in this manner. There are,
however, examples for somewhat similar sets (References 17 and 19). 1In
Reference 11, the method of characteristics was used to solve these equations,
Several comparisons of the computational results with experimental data are
presented. The agreement is excellent. Thus, for the sake of expediting

the task, the method of characteristics was chosen to solve Equations (1)
and (2).

Equations (1) and (2) are sufficient to describe the flow of a gas at low

Mach numbers providing that the appropriate expression for the speed

of sound is used. Assuming that elevation effects are negligible, Equations
(1) and (2) become, respectively,
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144 8.

vV 3P
p TS + a X + 144 gc E = - 0 (4)
144 g
c oP A% LAY fVlVl 5
Tt V= + = (5)
o T x 5% 5t T T 0

The continuity equation and equation of motion suitable for the one-dimen-

sional flow of a gas are (from Reference 20, page 972):

%?p . P +vj§ =0 (6)
‘, R T 2 T )
Tt should be noted that Equation (7) is identical to Equation (5)
- Multiplying both sides of Equation (6) by 144 %2. gives:
o
144 %g.g%_ 4+ 144 o %g_ §¥.+ 144 v %g'gﬁ' = 0 (8)
For an isentropic process:
14435 =%§ 9)

and after substitution, Equation (8) becomes identical to Equation (4).

The equations that follow are based on the speed of sound remaining

T

constant in the pipe and the density being independent of the velocity. 1In

B

a gas, these assumptions hold fairly well for Mach numbers less than about
0.2. For higher Mach numbers, the energy equation and the equation of state
must be solved along with Equations (6) and (7).

Deriving the characteristic equations from Equations (1) and (2) con-
verting them into finite difference form results in two relationships

; between flow rate and pressure at time equal to (n+l) At. (See Reference £ 25

‘ntl 2 10
wi,j + Cy + C2 Pi,j 0 (10)
"o+l e (11)
wi,j - o + Cy P 0

1,3

Cl’ C2, C3, and C4 are functions of conditions at time nAt.
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. - b5
n » \
. Cy = - wS - A_l (g;)izi - 144 gcps _ goizq) - 8wy (sin Ji)/lt + f waw | A (123
' - a_ 20 ./12)7 A
. 1 i i
ny
Chp=-—1g 144
2 ai c a3
A, .
C3=-wp+ 1 (goyzy | - 144 g Pp' - go z) + B o (sin ai}/\t+wa!wR"t
i ’ E 2(D, /12)p A, (14)
1 ii
y
C4 = T gc 144 (15)

—

Values of WRr Wgs Zps Zgs PR’ and PS are found from the following interpolation

expressions.

‘n n ‘n
we = 1,3 8521 W3 TV 1,341
‘n ‘n
- A 16
1+6 (v g ¥ i,j—l)/(ol ;) (16)
‘n n n
_" : A - q,a. s a v 0 o
v ‘2 = 1,1 e (w.l,J i,j+1)
- kL - w ) 17
1 8, (w 1, " i,j+1)/(LiAi) (
n .
Z = 2 - 0 n z = l)
" "3 4 ( s
’ < IA{ -+ ai> i,j ,j (18)
& i :
‘n
“7
5. 3 S = <
2g §ia T8, <piAi 1> ing j+1)
n n
n n 35 reEw w e
TR RA SR L T R I =
8¢ i°1 % g, Lad
Pn - z
$,9-1 = 84 i,j-1> 8042p
144 1
8. g 44 (20

P2ar _+g0.n i £ >2tlY . ¥
S ) : 1.3 i S i 33 i izz
: A
c
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n

P - “’izi,ﬁi) - Bi's

g. 144 gc144 (21)
= (22)
04 At:/Axi
The speed of sound in a liquid pipeline is given by:
= 144
a /’_ 4 B, g, (23)
\ BiDi
o_l,(l +he C)
i
and by
(24)

ai = YigCRiTi

for a gas line.

The computational procedure is illustrated in Figure 5.

t
L+ AX - :
(n+1)/t :
nAt xLEA(/’///f\\\\xS | -
1,9-1 1,3 1,341 X

FIGURE 5 - COMPUTATIONAL GRID FOR INTERIOR POINTS

The problem requires that conditions at some initial time - zero or

nAt - be known at each node j. Then to determine the conditions at (n+l1l) At

. n n n
the values of Wp s wS » Xp o Zg s

tion relations, Equations (16) through (21). Once these are known, Cl’ C2’
C3, and C4 may be calculated and Equations (10) and (11) may be solved to

PRn, and PSn are found using the interpola-

yield:

& R =

Pi’j = (c3 cl) / (c2 - Ca) (25)
ene) - - _ii %

wi,j = C2 Pi,j Cl (26)

The treatment of end points of the lines will be discussed in the follow-

ing sections.
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In selecting Ax and At the following numerical stability requirement
must be met:

Axi > (1. + s) (Ab) a (27)

where s is the maximum Mach number in the line during the transient. This

requirement is stated in Reference 11 and discussions of it may be found

in Section 4.0 and in References 19 and 21.
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NOMENCLATURE (Section 3.4.2)

Descripticn Units
Cross-sectional area of pipe ft2
Speed of sound ft/sec
Bulk moduius of elasticity of liquid psi

Correction for the effect of Poisson's ratio

Defined by Equations (12) through (15)

Pipe diameter in
Young's modulus of pipe psi
Pipe thickness in

Friction factor
Acceleration ft/sec

32.174 lbm-ft/
(secz-lbf)

Head ft

Pressure psia

Gas constant ft-1bf/
1bm-°R

Value that must equal or exceed maximum Mach number

in line

Temperature o -
Time sec
Time increment sec
Volume in3
Velocity ft/sec
Tlow rate lbm/sec
Distance along pipe ft
Length increment ft

30



Elevation
Angle pipe makes with horizontal
Ratio of specific heats

Density

SUBSCRIPTS

Indicates ith pipe

Indicates jth node in pipe

SUPERSCRIPTS

Indicates nth time interval

31
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deg

lbm/ft3



3.4.3 Accumulators and Pressure Vessels Steady-State

3.4.3.1 Accumulator/Storage Tank

The TANK module was developed to model a general tank which may be a
gas-pressurized liquid propellant tank, a gas accumulator, or a surge
damper. The basic function of this module is to provide the time-dependent
pressure boundaries associated with a component containing a trapped gas
volume. The gas pressure is computed from the ideal gas equation of state
usiag the integrals of mass, volume, and heating rates. Mean gas properties
are computed when two gasecus species co-exist in the volume. Figure 6
is a schematic of the tank component showing the various possible inlet
and outlet ports and the heat input. Nomenclature is presented at the end

of this section.

in

FIGURE 6

TANK COMPONENT SCHEMATIC
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The flow and heating rates identified in Figure 6 are input to the pro-
gram. For a given component, only those rates which apply to that particular
component need to be input. All others are set to zero by the program.
Similarly, the number of required initial conditions depends upon the
generality of the component simulated.

Two gaseous species are considered to exist in the gas volume. The
tank is pressurized initially with a quantity of species 1 computed from

the specified initial pressure, temperature and volume conditions. The

pertinent gas properties must be provided as input. Species 2 may be

added to the gas volume at the flow rate, m, -

At any given time, the quantities of both species (m1 and mz) present

in the tank are known. The total quantity is:

mt=m1+m2,

The two species are assumed to be thoroughly mixed such that the
composition of the gas mixture is uniform throughout the volume. The

proportion of species2 in the mixture is:

"
mtm,

a =
m

The gas mixture may be withdrawn from the volume by specifying

> 0. A vent valve is simulated which opens at the specified pres-

out
sure, Pvert' The gas mixture vents at the rate:
. 32.2 A P f(y)
m = . & i
S YT
778.

where f(y) is a tabular function of Yy which is evaluated

by linear interpolation.
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The net rates of change of the two gas species are given by:

50
I

(¢ = 1) (mo + mv) and;

e
I

) m; = oz(mO + mv).

Updated gas quantities are obtained by numerical integration of the
rates. Specifically, the trapezoidal rule is employed so that:

n+l . n ., n_ ntl
m + 1/2 (ml + m,

=
I

) At

n+1 n . ., ntl
m, m, + 1/2 (m2 + m,

) At

The net rate of change of liquid in the tank is given as:

W =W, =W,
n - | o

The integrated liquid weight is:

n+1 n n+1

Wn = Wn + 1/2 (wn + Wn ) At

If Vt is the total tank volume, and p is the liquid density, the gas

volume is:
W
8 t p

For a mixture of two calorically perfect gases, the effective gas

properties are given by:

R = (Rl my + R2 m2) /mt,
% "5 w0 w) /a
C =Cp - R,

v

Y = Co /Cv .
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The enthalpy of the incoming gas is:

hk = mk Cp1 Tk .

The enthalpy of the gas mixture leaving the volume is:

ho - Cp T,

hv = m, CpT,

Work is performed on the gas volume at the rate:

144

Pw = P Qn/p (775).

By the first law, the rate of change of internal energy in the open

system shown in Figure 1 is:

u=gq+ hk - h0 - hV + Wk .,

The integrated internal energy is computed as:

n+l n . n . nt+l
u =u +1/2 (u +u )At .

The average temperature of the gas mixture is given by:

Assuming the gas mixture to be thermally perfect, the pressure is
obtained from the equation of state:

P=mtRT/Vg (m).
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3.4.3.2 Pressure Boundary

The pressure boundary (Pb) is used to specify the pressure at either
a large accumulator or some other boundary condition and input to the
program. The line connected to this boundary condition is specified as
line i. 1If the pressure boundary is at the upstream end of the line, the

1. If the boundary is at the downstream end of the line the

node j

number of nodes in the respective line. The flow constraint

node j

equation is as follows:

— y=I, 2
Y /i_e_%__ PLM, /l+(2)Mij
TR T
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NOMENCLATURE (Section 3.4.3

Description

Flow aregz
Inside line area
Specific heat at constant pressure

Specific heat at constant volume

Flowrate of gas

Pressure

Pressure boundarv constraint egquation
Heat input to tank

Cas constant

Gas temperature

Time

Volume

Mass of liquid
Flowrate of 1liquid
Power

Mass ratio, m2/(m1 + m2)
Specific heat ratio, Cp/Cv

Density
SUBSCRIPTS
Description
Boundary
Gas

Line number

37

B/1bm-°R

B/1bm-°R

‘l hm ,I sec

psi

BTV

1bm
ft-1bf/1bm-°R
°R

gsec

ft

Ibm

Ibm/gec

BTy
Bsec

Ibm/ft



NOMENCLATURE (Section 3.4.3 Continued)

Svmbol Description

j Node of line

k in

n net

o out

v vent

t total

A liquid

1 Gas species 1 (initial)

2 Gas species 2 (inlet)

S Total, tank

SUPERSCRIPTS '

Symbol Description Units

g gas

') liquid

(") (dot) rate (time derivative) sec_l

(") (bar) mean gas property
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3.4.4 Accumulator, Pressures and Flowrate Boundaries for Transient Program

3.4.4.1 Pressure and Flowrate Boundaries

The computational grid at the end of a line is shown in Figure 7
below. At the upstream and downstream ends either 1) the flowrate or
pressure must be specified, or 2) th.re must be a set of equations specifying
a relationship between flowrate and pressure.

Assumed flow
t direction

4——Ax-——’

(n+1)A t

nAt -
R

% | s 1,2 i,N

i
FIGURE 7 - COMPUTATIONAL GRID FOR END POINTS
When pressure or flow rate as a function of time is specified at the
end of a line, either Equation (25)or (26) of Section 3.4.2 must be solved,
depending upon whether the pressure is specified at the upstream or dowu -
stream end.

At the upstream end, the flowrate is

. o+l = _ n+1 _ (1)
wi,j = C1 C2 Pb s 3 1

if the pressure is specified at the boundary and given by:

‘n+l
-w

Pn+l s gy L (2)

C1 and C2 are computed in the same manner as for the interior line peints.

Similarly, for either flowrate or pressure specified at the downstream end,
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the equations become, respectively,

= - - : = N

wl,j C3 La Pb s 3 i
‘n+1l

prtl _ b G .

3.4.4.2 Pressure Boundary with Variable Resistance

A line with a lumped resistance (such as a valve) at the end of a line
followed immediately by a pressure boundary is shown schematically in
Figure 8 Lelow:

Valve or Orifice pi i

N
Py (€ @ —2

T."'
i,]

FIGURE 8 - PRESSURE ROUNDARY WITH VARIABLE RESISTANCE

The resistance is treated as being of a length small enough to be disregar-
ded when compared to the other lengths in the system. The relationship

between the pressure drop across the resistance and the flowrate is given bv:

* n+l n+1 n+1l
= 4 - i = J
w K\/; gp P (144)I P b P i, j 1 or hi (1)

The effective area, ¥, of the resistance may also be a function of time.
If the boundary is at the assigned upstream end of the pipe, the charac-

teristic relation between flowrate and pressure is:

+ n+l n+l
i 1 ! 14

Equations 1 and 2 may be solved to yield:

A 2
wn+1. - C5 + \/CS + 4C6 (3)
i’j 2
where c
2 144 2 n+1 4
C5 =K 2380 C2 and C6 = 144 K 2gc p (P b +-E:;_) (4)
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3

The positive signs should be used in Equation 3 if C6\ 0. The pressure

at the first node in the pipeline is:

C &n+1
Pn+1 . - ._l - _—ill , j = ] (5)
1,3 C2 CZ

At an assigned downstream end, Equation (2) is replaced by :

.0+l nt+l _ -
wi’j+c3+c4pi’j—0, j Ni (6)

Equations (6) and (1) may be solved for the flowrate to give:

[ .2
C, = 4C
N S R (7)
w, |, =
i,j 2
where :
K2 2g pl44 C
_ c 43 n+l 2
C7 = C4 and C8 —<%Z “+ Pb > 144 K ch 0 (8)

The upper signs in Equation (7) should be used if C_<0, otherwise

8

use the lower signs. The pressure at the last node in the pipe is then

= .1
PPl . 3. L Ly (9)
1,57 ¢, c, k
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3.4.4.3 Accumulator and Pressure Vessel Trans.ents

The accumulator model is similar to that of the pressure boundary but

includes friction (schematic shown in Figure 9)

FIGURE 9 - “CCUMULATOR

except that instead of specifying the pressure as a function of time, the
pressure is obtained by integrating the follcwing differential equation.

dp 12 a? w, .
acc _ : i

dt Vace 8¢

A second order Runge-Kutta scheme is used in the computer program. The

accumulator pressure (Pacc) is then used in the equations in Section 3.4.4.2

in place of Pb.
If an accumulator is large enough and the time interval selected fo:

the system is such that it requires at least two nodes .o describe the

accumulator it can be treated in the program as a line. The entry and

exit losses if it is treated as a line can be accounted for using the valve-

orifice model described in Section 3.4.6. [.arge pressure vessels can be

treated as constant pressure boundaries.
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acc

NOMENCLATURE (Section 3.4.4)

Speed of sound

Defined by Equations (12) through (15), Section 3.4.2

Defined by Equations (4) and (8)

32.174

Effective area of a valve or other lumped resistance
Number of nodes in pipe
Pressure
Time
Volume
Flow rate
Density

SUBSCRIPTS
Accumulator
Value specified at end of pipe
Indicates ith pipe
Indicates jth node in pipe

SUPERSCRIPTS

Indicates nth time interval
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ft/sec

lbm-ft/
(secz—lbf)

ft2

psia

sec

i 3
in

lbm/sec

lbm/ft3



3.4.5 Manifolds, Injectors, Orifices, Valves and Pipends

The manifolds and injectors are treated as lines and orifices (Figure

10).  cCalculations for flow parameters through these components are dependent

on the state of the fluid. If the fluid is a gas, the downstream pressure is

calculated using Equation (1), while for a liquid, the downstream pressure is

calculated from Equation(2),

e

- .
FIGURE 10 - SIMPLIFIED MANIFOLD ORIFICE

The downstream pressure through the gas valve is calculated as follows:

y+1

2 . .

¢ gc /2y P2 /Y _ P2 Y

W - P, XK RT (Y—l) S— — 1
1 P, P (1)

This equation is solved for the discharge pressure (PZ) using the

Newton-Raphson method of solution.

The liquid valve is simulated by calculating the discharge pressure

*y 2
F,ep - L /
ml (xx) 288.g¢ ©, 2)

as follows:

G4



Symbo1l

gC

XK

NOMENCLATURE (Section 3.4.5)

Description

32.174

Pressure

Gas Constant
Temperature line
Flowrate

Cross sectional area times valve
discharge coefficient

Ratio of specific heats

Density

SUBSCRIPTS

Upstream

Downs tream
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Units

lbm-ft/lbf—sec2
psia

ft-1bf/1bm-°R
°R
lbm/sec

in2

1bm/ft3



3.4.6 Orifices, Valves, and Linebends Transients

The computational scheme for treating orifices, valves, and linebend
transients is similar to the one described in Section 3.4.4.2 for pressure
boundaries with variable resistance.

Lumped Resistance(Orifice,Valve,etc.)

Pl NK W

-y L B
4 g v
Assumed Flow Direction k,Nk i,

FIGURE 11 ORIFICE OR VALVE IN A LINE

The characteristic equation for the line downstream of the resistance is

given by:
1 n+1 (1)
W + + = ;
i,1 Cl C2 Pi,l 0 »

and for the line upstream:

nt+l n+1i
X + P =0
wk,Nk + C3 C4 k,Nk

The flowrate across the resistance is given by:

.+l _ n+l n+l (3)
LA i_K'\/zgc pl44 | Pk,Nk Pl |

in which K may be a function of time.

In addition,

% 2 S ]
il Rk (4)
Solving the above equations for the flowrate yields:
+C+/C2—4C
&n+1 - &n+l == ¥ = 9 10 (5)
1,1 k,N 2
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in which:

Co = KX 23 ol - (6)
2 ¢ b 2
g, ©
C. =K 20 pla4 * _l (7)
— | €, ¢
4 72

The upper signs are used in Equation (5) if C9>O. By a suitable choice
of K, the above formulation can be used to account for the changes in
velocity head brought about by changes in cross-sectional area of the line.

For instance, assuming that there is a sudden change in cross-section with

no loss in total pressure, then:

Ai2 Ak2

L e (8)
A e g ®
k i

The above relationship is easily derived from Bernoulli's equation for

steady flow.
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NOMENCLATURE (Section 3.4.6)

Defined by Equations (12) through (15), Section 3.4.2

Defined by Equations (9) and (10)

32.174

Valve effective area
Number of nodes in pipe
Pressure

Flow rate

Density

SUBSCRIPTS

Indicates ith pipe
Indicates jth node in pipe

Indicates kth pipe

SUPERSCRIPTS

Indicates nth time interval
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lbm-ft/
(secz—lbf)

ft2

psia
lbm/sec

lbm/ft3




:ﬂf‘?

3.4.7 Line Junction Subroutine (JUNCL)

The JUNCL module permits as many as six lines to be joined together
at a line junction. Any combination of inlet and outlet lines may be
specified and a total of ten line junctions are permitted. The fluid in
the lines connected by a junction may be either a liquid or a gas.

The junction temperature is obtained as a weighted average of the fluid

temperatures in the inlet lines and is represented by:

N, N,
in . in .
e S @6 [N ey,
k=1 k=1

The inlet conditions to each of the outlet lines become:

Pout, k Pjunc

out, k Tjunc

The flowrates in the inlet and outlet lines are supplied to this sub-
routine from other subroutines based upon the pressures existing in the

system. However, to preserve mass continuity for steady-state operating

conditions, the total flowrate into the junction must equal the total
flowrate out of the junction. This equality is achieved by specifying the

non-dimensional constraint equation:
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The junction pressure was estimated as the average of the inlet line end
pressures. The physical requirement that the linpe pressures approach a

common value at the junction is imposed by the constraint equations:

r
F =1_._j£2£
P,k

junc

The flowrate and pressure constraints, Fw+0, FP k»O, are achieved
bl

iteratively by proper determination of adjacent line flowrates and upstream

pressures.

¢
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Symbol
in

junc

out

NOMENCLATURE (Section 3.4.7)

Description

Specific heat at constant pressure
Pressure constraint

Flowrate constraint

Number of inlet or outlet lines
Pressure

Temperature

Mass flowrate

SUBSCRIPTS

Description

Inlet

Junction

Index designating line number
Outlet

Total
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Units

B/1bm-°R

psi
°R

1bm/sec



3.4.8 Junction Transients

A schematic of a pipe junction is shown in Figure 12.

FIGURE 12 JUNCTION
The conditions at a junction are computed assuming the sum of the flows
entering and leaving the junction is zero and that the pressures at the

end of each line connected to the junction are equal. That is:

.+l .o+l
Zwi,N. } o i
i . K
n+] n+l
Pi,N =P, Pk’l = P (2)
i
wiere i takes on the values for the upstream lines and k tak- -4 «'.

values of the downstream lines. The characteristic relations for each

line are given by:

(3)
.+l n+1 .
+ € + C P -
wi,Ni 3,17 VA1 4N 0

.0+l + C Pn+l = () (a)

wk,l = Clxi 2,1 k’Ni
Equations (1) through (4) are solved exn’?- :"v for the junction pressure (P)
using the following relation:

3P D¢
2 7% 4
b} ’ (5)

4

2%k *2X4.4
The flow rates are then computed using Equations (3) and (4)
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NOMENCLATURE (Section 3.4.8)

Description Units

Defined by Equations (IZHS), Section 3.4.2

Number of nodes in pipe

Pressure psia
Flow rate lbm/sec

SUBSCRIPTS

Indicates ith pipe
Indicates jth node in pipe

Indicates kth pipe

SUPERSCRIPTS

Indicates nth time interval



3.4.9 Pressure Regulator Steady-State

The pressure regulator is modeled d4s a pressure boundary and both
the stagnation temperature and flowrate are held constant across the reg-
ulator. The pressure can be specified either by input or computed using
the non-linear equation solver, From the pressure and temperature the

density is calculated by:

P = constant
reg
T2 = Tl
0 = P (144) /RT
reg

Assuming sonic flow through an orifice, the area of the regulator

required to obtain the desired flowrate is calculated using:

W
A _ _reg _
reg / R Y

1YRT \§+1

This area is calculated as a check to determine if the desired flow

rate can be passed through the regulator at maximum flow conditions.
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Symbol

reg

NOMENCLATURE (Section 3.4.9)

Description

Regulator downstream pressure

Gas constant

Temperature

Rensity

SUBSCRIPTS

Upstream

Downstream
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Units

psia

ft-1bf
1bm-°R

°R

lbm/ft3



3.4.10 Pressure Regulator Transients

P P,

Direction of 'k,nk { § .1'1
flow - ° W | W

k ,nk | 4 |

FIGURE 13 PRESSURE REGULATOR

The pressure regulator response is governed by an assumed time
delay, t . The downstream and upstream characteristic equations :re.
* “reg

respectively, given by:

n+1l n+1 (1)

n+1l +C. +C Pn+1 . i (2)

w
k,N 3 4 k,Nk .

k
The flow rate across the regulator is governed by the relationship:

y+1
g et 2)7:1
¥eeg = Areg (B Pk,Nk — (Y+l (3)
providing:
n+l Y
5 f 2\ ———
it sl "
Pk’Nk v+l
Otherwise,
n+l > +1 - ]
Y, 1\Y Pi 1 Y
E ot1 Wi U v\ Tm) (- ;
Voog " Areg'® By RT Y- n+l p" £3)
® g B P k,N
k,Nk k
Also,
. .ml .n+1
Ttag 1.3 Wk,Nk (6) ‘
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DL i S Ll

e ,v‘-.:'duk. "“.'IM T L‘g},. o "3} - "jw’" gt g

e
%

and:
t = (n+l) At (7)

The force on the spring is given by:

F =F + Ky (8)
sp spo

and force on the diaphragm:

n+l
Fata " (Pi,l - Pa) Arege (9

The regulator flow area is assumed to be a linear function of the

spring position such that:

Areg ) Areg, mx - 9 (10)
If the effects of inertia and damping are accounted for by the in-

clusion of a time delay, then the flow area of the regulator at the

time t+treg is determined by combining Equations (8), (9), and (10)
resulting in:

o n+l :
= -3 g A - F
Areg(t+treg) Areg,mx K {(Pi,l Pa) rege spo‘ (11)

For choked flow through the regulator Equations (1), (2), and (3)

result in:

-C
. 3
ST e ) (12)
: Y o 2 )Y-
Ao BT (M ' 16
Pn+l and w are then computed from Equations (1) and (2).
5 & reg

- ¥



When the flow is not choked, Equations (1), (2), and (5) are combined

to obtain an implicit expression for the regulator flow rate resulting in:
2(y-1)

2
. - . C
Y 4 N AZ (t) gcY ( gl) B wreg _ El Y _ wreg __3 Y _
wreg reg RT \y+1 C2 C2 C4 C4
+1 y=-1
C3 Y
— = 0 (13)

. Y+l
01>Y e
¢, C,

This expression is solved using a Newton-Raphson scheme.
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dia

mx

reg

rege

NOMENCLATURE (Sectior 3.4.10)

Description

Effective flow area

Defined by Equations (12) through (15), Section 3.4.2

Spring constant

Force

32.174

Pressure

Gas constant

Temperature

Flow rate

Distance moved by regulator spring
Ratio of specific heats

Change in regulator flow area with change in spring
position

SUBSCRIPTS

Regulator diaphragm
Indicates ith pipe
Indicates kth pipe
Maximum value
Regulator

Indicates effective area for a pressure balance in
regulator

59

Units

in

1bf/in

1bf

lbm-ft/
(Gecz-lbf)

psia

ft-1bf/
1bm-°R

°R
lbm/sec

in

inz/in



sp Regulator spring

spo Regulator spring in the closed position
a Reference

SUPERSCRIPTS
n Indicates nth fime interval
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3.4.11 Combustors Steady-State

The combustor component models have been developed with options for
either bi-propellant or monopropellant fluids. The bi-propellant model
uses curve fits to obtain the combustion properties and the specific
impulse. The monopropellant model assumes a constant ratio of specific
heats throughout the combustion chamber and nozzle. The development of
both models gives the program a wide range of flexibility in modeling ACPS
combustors.

3.4.11.1 Bi-Propellant Combustor Steady-State

The steady-state model of an ACPS combustor uses curve fits of chamber
performance data (calculated using the ICRPG programs) to describe the
steady-state operation of combustion chamber parameters. These curves are
presently incorporated into the program, but must be expanded to account
for effects of chamber pressure inlet propellant temperatures and expansion
ratio variations. Curve fit evaluations were performed by comparing them with
data from TRW Redondo Beach's *gh and low pressure ACPS studies. The chamber
pressure utilized in the curve fits was 300psia and the expansion ratio was 40:1.

The model cal-culations are performed as follows:
Flowrate through the oxidizer/fuel injections is implemented as a

constraint equation.

. o crea \/EQ(ZY e Pc Drtl
0,f “c’d 1inj RT ‘y-1 <Po,f> = <Fo—,;> (1)
The mixFure ratio is given by
v 19— (2)
e

The specific impulse is given by:

(3)
ISPv = f (MR)
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The characteristic exhaust velocity is given by:
(4)
C* = f(MR)
The thrust coefficient is given by:

(5)
_ 8ISP_

C
Voo

The nozzle flowrate is given by:

(6)
W =W +W
n o 4
The combustion gas temperature is given by:
T = f(MR) (7)
c
Constraint equation
C B o B o o AR
onstraint = P_ TSP A ge (8)

3.4.11.2 Monopropellant Combustor

The monopropellant combustor is based on calculations which assume
a constant ratio of specific heats. The nozzle area ratio is utilized to
define the exit Mach number. The boundary conditions can be specified as
either specific impulse, chamber pressure, or engine thrust. The following

’

equations define the component model.

The nozzle exit Mach number (Me) is calculated from the following

equation using the Newton-Raphson technique.

b 2} y+1
c = ﬁ% [ 5 +(2 )Me TR 1 9)
2T Y =i
)

The injector flow equation is given by:
. B Y P 2]y = T ¥
% %1 =& < = = = 5 L E e (10)
n c iny 4 RT y=1 PT PT )
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The nozzle sonic flowrate is a constraint equation:

Constraint = ¢ A P —ESZ- 2 zt i - 4 (11)
d t o RTO y+1 ISP
Nozzle exit pressure is given by:
- o
P =P //1 s XA Mz) y-1 (12)
e 0 \ l e
The thrust is given by:
F=A P (l-i-XyMz)-Path (13)
e e e ¢
Specific Impulse
ISP = - F (14)
W
noz
X
-
The boundaries are implemented as constraint equation and are specified
for one of the following conditions:
Thrust Boundary
(15)
BC=FI - F
Specific Impulse Boundary
BC = ISPI - ISP (16)
Chamber Pressure Boundary
BC = PC - PCI (17)
»
> .
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Symbol

NOMENCLATURE (Section 3.4.11)

Description

Injector area

Area combustor throat

Characteristic exhaust velocity
Discharge coefficient through injector
Vacuum thrust coefficient

Thrust

Conversion constant (32.174)

Vacuum specific impulse
Mixture ratio
Chamber pressure

Gas constant

Chamber temperature

Inlet temperature
Inlet temperature
Fuel Ilowrate
Nozzle flowrate

Nxidizer flowrate
Expansion area ratio
Ratio specific heats

Constraint equation

Nozzle exit area ratio

Thrust boundary

64

Units

in2

in2

ft/sec

1bf

bm-ft

3
sec -1bf

sec

psia
ft-1bm

1bf-°R

°R

°R

°R

lbm/sec

1bm/sec

1bm/sec

1bf



Symbol

ISPI

PCI

Description

Specific impulse boundary
Nozzle exit Mach number
Chamber pressure boundary

Nozzle divergence coefficient

Subscripts
Fuel
Oxidizer

Exit

65

Units

sec.

psia



3.4.12 Combustor Transients

A schematic of the thrust chamber and its associated parts is shown

in Figure 14
g

“Tox .
— ™ = N
e Mox =
~
Ox Line ) p '
YIf1 . ,
/'s\ 5] /\__‘ \
< ) Mf1 -

Fuel Line

FIGURE 14 COMBUSTOR

The characteristic relation at the end of the oxidizer line is given by:

wiox,Ni g _C3 3 C4 Piox’ Ni (1)
£ 4
P Yox
. - Py | (2)
P s e
iox,N oxX
iox

the flow rate through the oxidizer thrust chamber valve is given by:

c oxX 2
w = A C P ( ) (3)
iox’Niox VOX VOX iox’Niox Rox TOx %x+1
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If Equation (2) is not satisfied, then the flow rate through the valve is

dependent upon the manifold pressure and is obtained from:

-

<

. g 2Y ¢
W, _ A C P J c ox Mox ox
tox,N; = %yox “vox iox,N, R T Y -1 P,
1 OX 0ox \ ox 1ox,Ni

Y. *y 1%
oX 2
. 2 (4)
P oXx ‘
_ Mox
1ox,Ni J
The oxidizer injector flowrates are given by:
yox+l
Yo;l
o ¥ B g. Y
© onx Tox "Mox < OX ( 5 ) (5)
. T | Y +1
OX ox 'ox
L.
Y ox
Pc 2 Yox_l
P \y 1 (6)
Mox Yox
+
otherwise, Yox 1
2 Yox
g ZYox Pc Yox PC
*on :: Aon PMox R CT ( —1) (P ) -(P ) (7
OoX ox Yox Mox Mox
The change in pressure with time in the oxidizer manifold is computed
using:
2
dPMox 44 #iox . .
n Yiox’N " Yiox (8)
g iox

5:\ VMox c
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Relationships identical to Equation (1) through (8) are valid for the fuel
side as well as for the oxidizer side. The change in quantities of fuel and

oxidizer residing in the chamber are given by:

dwW

oX _ . _ _MR .
it~ Viox MR + 1 "ngz (9)
dWe, | 1

c——— S8 - ——— W

dt YifFl1 T MR + 1 "néz (10)

Thte mixture ratio used in the above two equations is computed using the

quantities of fuel and oxidizer present in the chamber and is given by:

wox
MR = -~ (11)
fl
The chamber pressure is derived from the ideal gas law such that:
(W, +W ) 1545 T
PC & OX £3 C (12)
12 MW VC
and the flow out of the nozzle is determined using the characteristic
velocity as follows:
A E
& 5 I e (13)
ngz C*

The molecular weight, chamber temperature, characteristic velocity, and
specific impulse are determined from polynomial least squares curve fits
of these variables as a function of mixture ratio. Functionally, these

parameters can be represented as follows:
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o
2

f (MR)
T, = f(MR)
(14)
C* = f(MR)
I, = fOR)

Given the conditions at time, n At, the conditions at time, (nt+l)At, are
determined by first integrating the differential equations for manifold
pressures and quantities of propellants in the chamber using a Runge-Kutta
fourth order integration scheme. Once wox, wfl, PMcx’ and PMfl are known,
the remaining variables for the pressures and flow rates upstream of the
propellant valves are solved using the above equations. If the flow through
the propellant valve is choked, Equations (1) and (3) are combined to give

an explicit expression for the pressure as follows:

p 3
iox’ N, = (15)
iox
= Ve
PO 2 Y. ~1
C4 - AVox CVox E T (Y +l) o
ox “ox ' 'ox

When the flow is unchoked, Equations (1) and (4) are combined to yield an

expression implicit in P » which is represented by:

iox,Ni

2 2 2
e 2 O i =G T
oxX

& 2y 7 = Yox“2
Aé c2 X N (p Yox (P ) %
ox Vox R Tox Yy =1 ( Mox> iox’Niox ox

D —ox o
- ; | i § = (0 16>
<PMox> 0x (P fox, N > ox } (
iox

wid
+
=
-
I
[




The above equation is solved for Pi N using a Newton-Raphson scheme.
’
i

Once P is known, w,, is calculated using Equation (1).
i,Ni i Ni
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NOMENCLATURE (Section 3.4.12)

a Speed of sound ft/sec
C Valve discharge coefficient
C* Characteristic velocity ft/sec
Cs .
C Defined by Equations 12 and 13, Section 3.4.2

4|
g, 32.174 lbm—ft/(secz-lbf)
Isp Specific Impulse 1bm-sec/1bm
MW Molecular weight 1bm/1bm-mole
P Pressure psia
R Gas constant ft-1bf/1bm-°R
: 5 Temperature °R
\Y Volume in3
W Quantity 1bm
w Flow rate lbm/sec
Y Ratio of specific heats

SUBSCRIPTS

- Combustion chamber

Tox Oxidizer injector
iox Oxidizer line
Mox Oxidizer manifold

N Number of nodes in pipe
noz Nozzle
ox Oxidizer
Vox Oxidizer valve
Vfl Fuel valve



L s

5 Cicte s, ‘A 7 & -4
B 'ﬁ.ﬁ.,c"‘:!.!‘i

3.4.13 Turbopumps Steady-State

Relationships of the type shown in Figures 26 and 27 are sufficient

to represent the turbopump and turbine in a steady-state program when the

turbine and pump power equality constraints are satisfied simultaneously

with the propellant continuity constraints. The turbomachinery relation-

ship is in the form of curve fit equations where the equation constants

may be varied to simulate the characteristics of different hardware. The

turbopump equations have been formulated based on pump and turbine charac-
teristic curves combined with turbopump similarity parameters.
The pressure rise at design speed is curve fit using pump character-
istic curves based on flowrates.
= &

- ’ W 1
&P o Puo * Pyp Wg + Py Wp (1)

The pump relationships are based on geometrically similar pumps, which

have similar flow conditions.

W

: p
e = 2
S W s ot
282
Np \ Dp
AP
R

(3)

2 2

(%) &)
Np Pp

Substituting Equations (2) and (3) into Equation (1) gives:

5 Y Dp\ (N (‘_)n)4 i )
D i Ll 1 & W (4
P =Py (—DPI;) (W—D) e (Dp)(ND) Pu2 D, p
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N
Solving the quadratic equation for the speed ratio, ﬁR y gives the

D
following equation:

2 2
Pt < w1 LAV L
ER ) (D (D /D) Wo DD (Dp/DD)z ) (5)
N D
D 2 —R WO
DD

Solving for the pump speed:

N
& W
"p " <ND> (6)

The pump power based on the characteristic curves at design speeds

is presented as a third order curve fit based upon flowrate.

- 2 L] 3
- 1
Powp = Fow * Pow1 YR * Powz "R * Pows “r (7)

substituting Equation (2) into Equation (7):

PENe Ly T
Pownp = Fow * Powr sx * Powz \sx | * Pow3( ) (8)

N

where: S = (-£)and
N
D

<ER>3
5 =3

Pp

Ratio of actual pump diameter to pump design diameter:

%
w-(2)
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The pump similarity relationship is as follows:

©
J

OWP owDn
v 3535 3.5 9)
P P D D
The pump power is calculated combining the similarity relation-
ship in Equation (9) between pump power and speed and Equation (8).
_ 3 5 2 2 .
Powp = S” RD” (P, ) + S” RD ®owr’ wp +
. 2 3
8 (P W P W
___“sz)_JL.+ OW3 p (10)
RD RDZ
The pump efficiency is obtained as follows:
AP W_ 144
B 8 el (11)
4 P P
Owp L

The temperature of the pump discharge, °R, assumes all the power
dissipated is transferred into fluid heating and is given by:
(1-n
o) Poup

» = = + T (12)
P 9 778.26 C P1
p v

The turbine speed, RPM, is calculated based upon the gear ratio GR such that:

Np = np * GR (13)

The temperature inlet to the turbine is obtained from the temperature in

the gas generator as follows:

Trr = Tge (14)
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The turbine isentropic discharge temperature (°R) is from equations based on

choked flowrate through the turbine and through the turbine duct.

2(X=
A e (15)
TS - TTI TI)
D
The turbine inlet pressure, psia is calculated by:
2
K W
PTI = PGG - : T TGG R (16)
GG

The isentropic spouting velocity is given as follows :

‘[ch(TTI T )(778 26)gc (17)

The turbine tip speed is calculated from the following equations:

we’le Ny (18)
12(60)
The turbine efficiency becomes:
2
.= aG—) + bE—) (19)
t C C
vel vel

The turbine power, ft-1bf/sec, is given by :

Powr = Np 778.26 Cp wT (TTI - TTO) (20)
The turbine actual discharge temperature (°R) is given by:

= =l = 21
Tos Toe {1 oye! TS/TGG) (21)

The turbine choked flowrate lbm/sec is calculated as follows:

Y "

MW gc vy 2 -1 )
frifrifrr ¥ Ts4s T (y+1) (22)

‘
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The turbine discharge pressure, psia,

WT
Pro =

is given by:

(23)

+1
MW gc vy ( 2 ) %:T
Arp®rp 1345 T 7+

The turbine flowrate constraint equation becomes:

aint = 4 - (24)
Constraint WT WGG

The pump/turbine power balance finalizes the computations:

- . (25)
Constraint inp POWT
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ow,0,1,2,3
OWD

OWP

OWT

TD

Wo,1,2

APPD

AP

NOMENCLATURE (Section 3.4.13)

Description

Coefficient of turbine efficiency curve

Turbine inlet area

Turbine duct discharge area

Coefficient of turbine efficiency curve

Specific heat constant pressure
Isentropic spouting velocity

Pump design diameter

Pump diameter
Diameter of turbine rotor

Duct pressure loss coefficient

Turbine Discharge coefficient
Turbine inlet coefficient
Molecular weight

Pump design speed

Pump spead

Speed of turbine

Pressure of gas generator

Coefficients of pump power design curve

Pump power at design speed
Pump power
Turbine power

Turbine discharge pressure

Coefficients of pump pressure design curve

Design pump pressure rise

Pump pressure rise
77

Units

in

in

BTU/°R
ft/sec
in
in
in

: 2
psia-sec

1bm-ft

RPM
RPM
RPM

psia

ft-1bf/sec
ft-1bf/sec
ft-1bf/sec

psia

psia

psia



NOMENCLATURE (Section 3.4.13 Continued)

Symbol Description Units
APR Pump pressure at design speed psia
R Gas constant ft-1bf/1bm-°R
RD -
Ratio pump of diameter to design pump diameter
> °R
GG Temperature of gas generator
: °R
PO Temperature of pump discharge
; >
™ Temperature of pump inlet
T °R
S Turbine isentropic discharge temperature
T °R
TI Temperature of turbine inlet
T °R
T® Temperature of turbine discharge
wp Flowrate of pump 1bm/sec
wR Pump flowrate along design speed curve lbm/sec
wT Flowrate of turbine 1bf/sec
Ny Efficiency of turbine -
n Efficiency of pump -
P
% Ratio of specific heats -
u Turbine tip speed ft/sec
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3.4.14 Turbopump and Gas Generator Transients

:f\ -
L
, / —

\
. il
Gas /
Generator o
D \ / \
RN . 4

~— Turbine

FIGURE 15 - TURBOPUMP AND GAS GENERATOR

The system shown in Figure 15 represents a schematic of the components

utilized in the turbopump and gas generator model.

The equations used in modeling the gas generator are identical to
those used for the thrust chamber except that Equation 1, below, for
flow rate across the turbine replaces Equation 13, described in Section
3.4.12. The flows through the pump and turbine are treated as being
quasi-steady, i.e., the steady flow relationships are assumed to be valid

at any instant in the transient. The flow rate through the turbine is

given by:
+1
& gc Yc 2 \. YC
i L B Y +¥) e (1)
ce c.
The turbine efficiency is given by
2
U U
hoals +b 18 (2)
TOI TOI
The isentropic spouting vel ity is
Voor = \/g cP(778.26)(Tc-TTOI) 8. (3)
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where TTOI is:

T
PTo Yc 1
Tror = T |5 " (4)

The turbine tip speed is:

n Drp® 1

U=13) ~60) (3)

The turbine power and torque is obtained from:

¢T = Ny (778.26) cp wT(TC - TTOI) (6)
¢, 60
;i
TT ~ 3% o (7)
;3
The turbine outlet temperature is:
Tro1 (8)
e~ T lon Q- & )]
The change in turbopump speed with time is:
dw 144) (60
dt 2m b §
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The final two equations required to describe the turbine ar- those giving

the change in turbine exit duct pressure with time and the flow rate

through the turbine duct exit nozzle.

These parameters are given by:

) .
MW L
de  Arp
: yc+l
. > cYe 2 Yy -1
Yrp = Aoy Prp % <7c+1> c (11)

- The characteristic equations relating

the liquid lines attached to the pump

Y.+ +C. P

P 1 2 M

wP + C3 + C4 PPI

flow rate and pressure at the ends of

are given by:

The pressure rise across the pump is expressed in terms of the

variables in the above two equations and is given by:

=0 (12)
=0 (13)
= C9 w, * C10 (14)

81



where:

=

|

(@]

C C
1 | 3
9 <C4 C2 > 10 (Clo 9 )

The pressure rise across the pump and the pump power at the pump design
speed are expressed as functions of the flow rate as shown below:

APr . + a; w_ + a, w_ (16)

= . 3 o3
¢r—bo+b1 wr+b2wr+b3 W (17)

The coefficients in the above equations are derived from least squares fits.

The pump similarity relations are:

2 .
bts 1% - -
¢ "t - o W (18)
r D YR D

Using the three similarity relacions, expressions for the pressure

rise and pump power as a function of both speed and flow rate are derived

such that:
AP_ = a wz - w_ o+ w2 (19)
p" A il b L
=8 2 - -3 .3
éP = bo + ¢ b1 Wy + bzw wp + b3 w5 (20)
In the above two equations:
N
P
p e (21)
D
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Equations (14) and (19) are combined to give the flow rate and are expressed
as follows:

2
: = \Jélz s Bhe T (22)

2 a2

where:
€11 =3 Vv -Gy

Cip =2

Once the pump flow rate is determined, the pump power is computed
using Equation(20)and the pump torque is computed from:
. _'SP 60

5 el (23)
P 21 w
D

:

The differential relations for turbine speed and turbine output pressure

are integrated using a Runge-Kutta fourth order scheme.
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€=~

PI

PO

TOI

NOMENCLATURE

Effective flow area
Speed of sound

32.174

Length

Pressure

Gas censtant
Temperature

Time

Turbine tip speed
Velocity

Flow rate

Ratio of specific heats
Efficiency

Torque

Power

Ratio of speed to design speed

Rotational speed

SURSCRIPTS

Combustion chamber

Steady-state design conditions

Pump

Pump inlet

Pump outlet

Value at design speed

Turbine

(Section 3.4.14)

in2

ft/sec
lbm—ft/(secz—lbf)

ft

psi
ft-1bf/1bm-°R

°R

sec

ft/sec

ft/sec

1bm/sec

ft-1bf

ft-1bf/sec

rev/min.

Turbine outlet based on an isentropic expansion
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TR

TO

TD

TDN

Turbine

Turbine

Turbine

Turbine

NOMENCLATURE (Continued)
rotor
outlet
exit duct

exit duct throat
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3.4.15 Steady-State Heat Exchanger Model

A heat exchanger computer program was formulated to analyze and
simulate the performance of a heat exchanger operating under steady-state
conditions. This program is equipped to analyze parallel, courterflow and
cross flow types of heat exchangers; and has provisions for simulating
vaporization of the cold side fluid. The heat exchanger geometry is assumed
to consist of two concentric tubes for the parallel and counterflow simula-

tions.

At the present time the thermodynamic properties of oxygen, hydrogen and
their gas generator combustion products at a mixture ratio of 1.0 are included
in the program. It is assumed that the gas generator combustion products will
flow through the hot gas side of the exchanger ani the cold side will contain
flow of either cryogen. When this model is used as part of the ACPS model,
the thermodynamic condition of the hot gas side of the heat exchanger will be
determined from the inlet model interface. If the gas combustor is close coupled
to the heat exchanger, the mixture ratio and combustor products data will be
determined in the combustor model and interfaced into this model. If no feed
back is necessary and a long length of line is conrected at the hot-gas~-side
inlet to the exchanger, the model is formulated to use gas generator combustor
products data at a mixture ratio of 1.0. If a detailed gas generator is connected
to the heat exchanger the mixture ratio of the gas generator will be utilized.
The chamber pressure, specific heat, nozzle flowrate and combustion temperature
are fed into the heat exchanger from the gas generator. At present the heat
exchanger cannot be connected to the turbopump assembly effluent. Program
modificaticn will have to be performed in order to model systems having

turbine/heat exchanger series connections.
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Alchough the correlations defining the heat transfer film coefficients
were specifically jidentified for oxygen and hydrogen heat exchangers, the

temperature correction (Tw/Tb) in the ejuations below can be set to unity,

This reduces the correlations to the Dittus Boelter or Colburn form which
can be uced at moderate temperatures and pressures for all gases and liquids
excepting liquid metals (Pr € 1)

The heat exchanger discharge conditions are computed from the con-
dition of the inlet fluid streams. The outlet conditions for parallel flow
types of heat exchangers are computed directly from the inlet conditionms.
For counter-flow heat exchangers the discharge conditions are computed
utilizing the method of false positions. This method is explained
in Section 3.4.18.

The following basic equations are used in the steady-state heat
exchanger model and are listed in the order they appear in the model. The

nomenclature is defined at the end of the section.

Reynolds number

e
N - ) (1)
Reo,i m Ro M
Hydraulic diameter, inches
- 4(Flow Area) (2)
HDy (Wetted Perimeter)
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Various tests are performed to determine if the fluid has entered the two
phase region. (T <Tsat). The calculation of the quality of the fluid is

based on its enthalpy.

Quality:

L T ¥

It the fluid is in the two phase region, the thermal conductivity, viscosity
and the Prandtl numbers are evaluated at the saturated gas condition. The
Martinelli parameter, specific volumes, and specific heats are calculated

as follows:

-0.9 ; \=0.1 -0.5
X uG SVG
-5 LG )
e sl el @
SV =(x)st + (1-X) sV, (5)
= - )
CP (x)cPG + (1-X) Cp (6)

The pressure drop correction term for two phase flow is calculated as

it § i 88 S va)o.ale i
Pco = |1 + MART (—x—) (Ec—; S—Vz (7)
The Nusselt number is
Lt ) (8)

The primary point of engineering interest is the selection of the film
coefficient correlations. The correlations used in t: - ¢rogram are presented
below. The boiling heat transfer correlation is derive. Ffrom hydrogen tests
only. No correlation for boiling heat transfer of oxygen was available,

In the absence of a boiling oxygen correlation, the boiling hydrogen cor-
relation was used for oxygen. For this reason the oxygen boiling results

should be considered as best estimates.
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The correlations used in the program are:

1. Hydrogen and H2--02 combustion products at low mixture ratio (Reference

27)
0.8 0.4,T \-0.55
N... = 0.025(N N W (9)
NU ( Re ( PR) <TB) <¢1 by 03 44)
§3 =3 (TB)
¢, = 1.0 N, <5 X 10°
2 : Re
= 5
= 0.92 NRe >3 X 3
2. Oxygen (Reference 27)
0.8 0.4 T \ -0.34
N.. = 0.023(N N
NU (re) " (Mee) T (F2) (b1 42 93) e
B
¢, = 1.0
¢, = 1.0

3. Boiling Heat Transfers (Reference 28)

0.023(NRe> 0'8(NRJ'4

N, = (11)
" 0.611 + 1.93 MART
MART = Marinelli Parameter (Refer to Equation (4).
Heat Balance
The heat transfer coefficients are computed as follows:
K
B =R —
0,i NU D (12)
o,1i hyo,i
Wall conductivity
Kw
Hw = th (13)
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Equivalent heat transfer coefficient (constant area assumption Ai,=

Aw = Ao).

e 1 + 11 (14)

The energy balance of the heat exchanger assumes that the heat
transfer flux is a function of the inside and outside temperature differ-

ences only:

dQ; = do; - dQ_ = 0 (15)

dQ

o in (16)

Temperature change:

(T_ - T,) He A
=g *T . s . (17)
e > (n-1) W C

- }

If the fluid is two phase, the tempera.uare is equated to the saturated

temperature at the respective pressure.
The pressure drop through the heat exchanger is based upon the loss in
energy due to momentum change and friction.

The friction factor is given by:

- 0.25
f = 0.316/ (NRE) (18)

The pressure drop is given by:

- N F 5 5 dx
AP = (A) o [dSV + f sV 4Ri (19)

If the fluid is two phase the pressure drop correction term PCo is applied

to the momentum pressure drop term resultirg in:

sty 3 gy dx
e = L iy 4Ri] (20)
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SYMBOIL

Cp
do
dsv

dx

He

DY

Pco

NOMENCLATURE (Section 3.4.15)

DESCRIPTION

Cross-sectional flow area

Specific heat at constant pressure
Heat flux

Change in specific volume

Length

Estimate of error used as the convergence

criteria
Friction factor

Gravitational constant = 32.174

Heat transfer coefficijent

Equivalent heat transfer coefficient
Hydraulic diameter

Enthalpy

Fluid thermal conductivity
Martinelli parameter

Viscosity

Fluid Nusselt Number, gg

Fluid Prandtl Number, Eﬁ&

Fluid Reynclds Number, !gg

Pressure drop correction for two-phase flow

Fluid pressure

Correction for two-phase flow boiling
Correction entrance effects
Correction asymetric heating

Correction surface roughness
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BTU/1bm-"R

ool
BTU/sec-in
147 I

in

ft-1bm

secz-lbf

g o
BTU/in"-sec- R
BTU/in%-°R
in
BTU/1bm

BTU/in-sec-°R

1bm/in-sec



NOMENCLATURE (Section 3.4.15) (Continued)

SYMBOL DESCRIPTION UNITS
R Radius in
SV Specific volume in3/1bm
sV Average specific volume in3/lbm
th Wall thickness in
T Temperature °R
1 Pi, constant = 3.1416 -
W Flowrate 1bm/sec
X Fluid quality dependent upon enthalpy ratio of -
gas to liquid
2 Variable chosen to show regula Falsi Method -
SUBSCRIPTS
avg Average
B Bulk
A Delta or change of
d Differential operator
G Gas
i Inner
L Liquid
(o) Outer
T Total
w Wall
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3.4.16 Transient Heat Exchanger Model

This program module was formulated to analyze and simulate the tran-
sient performance of an ACPS heat exchanger. The model is an extension

of the steady-state heat exchanger program discussed in paragraph 3.4.15.

Ideally, the effect of changes in the heat exchanger inlet conditions
(pressure, temperature, and flow) upon the outlet conditions can be
determined. However, the relative response times for each of these param-
eters are considerably different, as shown in Table 1, which present
problems in modeling these effects. The nomenclature for the symbols

shown in Table 3 is presented at the end of this section.

Table 3. Heat Exchanger Response Time Comparison

Step Change in Relative response time
Pressure B << ed (Reference 29)
Flowrate 0, < 94 (Reference 30, 31)
Temperature et >>6d (Reference 22)

Most of the investigations to date are limited to solutions for correct
temperature response modeling. Typical temperature response values for
heat exchangers have been reported to lie between 10 to 1000 dwell times
(length of time fluid resides (Gd) within the heat exchanger (Reference 22)).

Treatment of heat exchanger pressure response has rot been found in the

literature.

The effect of each independent parameter must be determined for a
number of boundary and initial conditions to establish the transient per-
formance of heat exchangers. A general solution for the transient operation
of a two-fluid heat exchanger is practically impossible, because of the
complexity of the differential equations, boundary conditions and the
number of independent parameters. Most solutions have been Jimited to
very simple cases and have been solved by one of the following three
methods: (1) analytical, (2) numerical, or (3) analog. The analytical
methods described in the literature were found to be complex and contained
severe limitations. Numerical methods such as a formulation by Northemn

Research and Engineering Corporation (NREC) (Reference 29) have widespread
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application, but require a large amount of computer time and core space
and are generally too specific. Analog methods such as the Kays
and London Effectiveness (&) - NTU approach (Reference 32), are desirable

because a 'physical feel" for the problem is maintained.

Two separate computer models utilizing the numerical and analog
methods were initiated to simulate the transient operation of an ACPS model
heat exchanger. The two models used are the NREC and London methods men-
tioned above. The existing NREC program (N70-10069) is operational at
NASA/MSC and simulates both one and two phase flow and is capable of sim
ulating the effects of fluid condensation on one side of the heat exchanger.
However, the ACPS model must be capable of simulating evaporation rather
than condensation. Therefore, an effort was initiated to correct this
program for simulating evaporation. The NREC program excludes the pressure
response, but includes the flow and temperature response parameters. The
program uses an iterative finite difference scheme to solve the differential
equations. Unfortunately completion of the modifications required to
convert this program to simulate evaporation was deemed too extensive for

the time allowed.

Although the most common technique for sclving an exchanger heat
balance is the log-mean-delta-T (ATlm) method, it requires numerous itera-
tions to obtain a solution (Reference 32). The analog type of solution
(e-NTU) based upon the work of A. L. London and others (References 30-32)
allows solution of the heat balance without iteration. Consequently, the
London model was employed in the development of the transient heat exchan-
ger program. The London model parameters are shown schematically in

Figure 16 Nomenclature is presented at the end of this section.

HOT FLUID {GOUN?!I-'LO' -~~~
PARALLEL -7LOW NN
ORI e ST TR SR R N PR
- | 3 '
'.“?w c, -y, (2,0)] HOT FLUID ‘v\l:\/\
: 3 a3 R0
s A b
25 )".'»”( At A/ /
——C —tte (1,00 COLD FLUID =t

w | | 1 ! e our
r 3 - i - ik
b x ——b-4:

- L
-~

Figure 16 Idealized Heat Exchanger

L ol
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! The heat transfer rate with the London method is identified by its

effectiveness level (¢) as follows:

. q actual

. (1)
q max
where: q actual = (w Cp)f (tin-tout)f (2)
q max = (w Cp)min (ti -t ) (3)
ot cold

The smallest capacitance (C = w Cp) value for each of the two fluid streams

is defined as (w Cp)min or Cnin' With this method, the emphasis is

placed upon the determination of the effectiveness (¢) to determine the heat

& exchanger duty (identified above as q actual). The e-NTU relationship for

heat exchangers operating under steady-state conditions is depicted in

Figure 17.
N Nt NN I e N
HEAT TRANSFER ZHEAT TRANSFER
P SURFACE SURFACE
100 Y/ S = 100  BESE L —
Cenin cmu‘ e R c cm £ -
A oo
¢ 80 %/8?%':/"/':"— 8ot 7 o=
w //fl 00 L 0.50
2 /A Sad. | L 1"1 "
60 2

» 5 z 1 -+1.00
\K Yao g 40 ¢
i | . . 1
. i 7
4 =2 = i W 20 — B W SR e
E = i gt e
s ? a 2 y 3 . e smme 5
¥ NO. OF TRANSFER UNITS NO. OF TRANSFER UNITS
i -

Figure 17, e-NTU Effect for Counterflow and Parallel Flow
Heat Exchange

g‘
§ The number of Transfer Units (NTU) is defined as:

-:)»1

B

i c

3 min

and represents a characteristic conductance to capacitance ratio for heat

t exchanger design.
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Because the analysis of the transient response of heat exchangers

is not amenable to simple mathematical treatment, the following simplifying
assumptions are necessary to achieve the solutions described in this

mcdel development.

: 25 The temperature (t) of each of the fluids and the wall are

functions of time (6) and distance (x) only; t - t(x,6).

y The mass-flow rates (&C and &h) are constant within the

exchanger.
3. The system is overall adiabatic.

4. No internal source for thermal-energy generation exists,
such as nuclear fission, chemical reaction, or electrical

heating.

» 8 The heat-transfer resistance for each fluid is lumped

into one value. The wall resistance is assumed negligible.

6. Zero thermal conduction is assumed for bEoth the wall
and the fluids parallel to the flow direction; i.e., no 3

longitudinal conduction.

7. Properties of the fluids such as specific heat, thermal
conductivity, density and heat-transfer coefficients,

are independent of temperature, time, and position.

8. Fluids are assumed to be low-velocity liquids or gases
at essentially constant pressure so that enthalpy can be
treated as a function of temperature, using the specific

heat property (%% + dP = 0).

9. The thermal capacity of the shell of the exchanger is
considered negligible relative to that of the heat-transfer

surface.

10. Pressure changes and viscous dissipation terms in the energy

equation are negligible.
: 5 P No shaft work is done (W = 0).

Assumptions 1, 3, 4, 5, 9, and 11 appear to be justified. However, the

remaining assumptions require additional comment about their effects upon
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model accuracy. Assumption 2 requires that once a fluid has entered the
exchanger inlet it does not change flowrate. Under transient operating
conditions, this assumption might result in a severe restriction for heat
exchangers in which two-phase flow occurs. If the ACPS exchangers are made
of aluminum or copper materials, significant longitudinal heat transfer
will be present and Assumption 6 will then represent a relatively large
error in the predicted value of heat transfer flux. However, this can be
adequately handled as an ¢ loss at the end of each computation step. Assumption
7 has been relaxed in the London method computer model. An average of the
thermal properties (Cp, k, u, h) from the 20 segmental steady-state program
results is used in this program. Assumption 8 was verified by examining
the fluid conditions for an ACPS exchanger. The results of examining

the fluid thermal properties, showed that enthalpy can be approximately

expressed as follows:

for H = H(P,T) (5)
dH=(%—,II{—,PdT+(g—I;TdP (6)
ity = (54 2) dT - (.03 + .03)dP (7)
dHOZ = (.74 .2) dT - (.02 + .02) 4P - (8)

From Equations (7) and (8) it can be concluded that the pressure term is

negligible; i.e., 160 psia change represents a 1°F change. Assumption 10,

although hard to justify is necessary to solve the differential equations.
It is not known at this time what the effect of deleting these terms will
have upon the final solutions. With these limiting assumptions, however,

the energy equation takes the form of:

¥...50 a
i T e st ob Op 93 (9)

Expressed in the £-NTU nomenclature.

Variable Capacitance, C = w Cp (10)
Fixed Capacitance, C = pAL Cp (11)
£ ist 5 % ail
Heat transfer resistances, _(hA)f f1aid case (12)
s
T kA wall case (13)
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Expanding Equation (9) for the fluids and the wall heat exchange, results

in the following.

EE_:_fﬂ AR EEB. +C th. (14)
Rh L L P =K o=

v "~ % = Eg atc + C. ot (15)
R L L 06 90X

c
K Lt

R st T o

Note that Equation (14) uses a (-) for parallel hot gas flow and a (+) for

counter flow of the hot gas streams.

A set of non-dimensionalized parameters introduced to simplify the

program solution are shown in Table 4.

Table 4. Non-Dimensionalized Parameters, ©-NTU Approach

Independent Operating And

Dependent Parameters Design Parameters

th* NTU (Steady State)
t * Cmin/Cmax  (Steady State)
w
t * x * (Steady State)
c
&N B * (Transient)
c
* *
4 ed (Transient)
R * (Transient)
- B
Cw (Transient)

See the Nomenclature at the end of “his section for a description of

these parameters. Rewriting the “nergy Equations (14), (15), and (16) in
non-dimensionalized form, results in the following:
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&9

(-

i a "
_‘_]_.)Jth 2 ath
*
: ¥ N E 26 .
th -'% -
. (R*+1) (NTU) (Cmin/Cmax)

A %* *
( R* vutc atc )

<+

* *
S R R*+1A36 3x (18)
W . NTU
*
R* Eﬁ* at:‘w
® - * - R - * =
R* (th " (t, t.*) (R*+l)(NTU)( YT (19)

To simplify the problem further only two conditions of flow have been
considered for this model.

Case 1. A gas/gas heat exchanger where Cmin/Cmax > .8 is modeled

with a Cmin/Cmax = 1.0.
Case 2. For a cryogenic ACPS type of heat exchanger, Cmin/Cmax <

+2, s0 a Cmin/Cmax = 0. is used in the model.

These two cases result in solutions to the energy equations shown in

Figures (18) and (19) (Reference 32).

1.0
P—____———-‘
08 % 00 T .
/, //
3.0
T & ,///;//// COUNTERFLOW

or
/ 0.6 TE 0 for €510
0.2

-

7 s Coan Cyax * 1O
t: R* : 1.0
/ // €% 10 tor ony of
0.4 /
0.

o]
0 2 0.4 0.6 0.8 - 1.0 1.2 1.4 1.6 1.8
e

1.5+ T,

Figure 18. Gas/gas heat exchange
Cmin/Cmax > .8
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Figure 19. AUPS Type Cryogenic Exchanger
Cmin/Cmax < .2
i \
An additional constraint of Cw > 10 or 5 is shownr in Figures (18) and (19). !

This constraint is justified by existing designs with EQ* & 1000.

The transient program has been structured to use the steady state
heat exchanger program discussed in Section 3.4.15 to arrive at the steady
state values for the parameters shown in Tables.

Table 5. Inputs to the Transient Mdel from the
Steady State Program

Parameter Comment
1. Fluid heat transfer coefficients . An arithmetic average of
the 20 segments calcu-
hi and ho lated in steady state

p heat exchanger model

& Fiuld haat sapecicy, C P is computed and used in

P.and C

i 0
3. Fluid specific Volume, Vi and ¥ 3 this sodel.
4. Heat Transfer Areas (Inside/Outside) Direct data transfer
5. Heat Exchanger Volumes Direct data transfer

(Inside, Outside, Wall)
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The calculations are performed within the program in the order they appear

below.

Calculations of the fluid capacitances:

C.. =y C

(20)
c c Pe
C, = W Cph (21)
test to i‘dentify Cmin and Cmax.
calculate Cmin/Cmax.
Calculations of the overall heat transfer conductance (UA)
wall conductance assumed negligible - Assumption 5:
k) = -5 <. (22)
hcAc hhAh
Calculations of the Number Transfer Units (NTU):
_ A
NIU = S (4)
Calculations of the length of time for fluid residence
within the heat exchanger Rdwell time) (Udﬂ
L S e
h' h
- 1 (23)
dh Ch
Voo
g C
= 24
8 4c ' (24)
e
Ratic of the dwell times frr the fluids in the same relationship

as used te calculate Cmin/Cmax.

For ACPS heat exchanger C, = C .

h min
So. gd
6, Ratio = —— (25)
d 6
dc
T ‘s (26)
- (27)
edmax edc



10.

Calculation of the heat transfer resistance ratio (R*) :

Rmin

*
K Rmax (28)
(1)
q;;‘)
For ACPS case R* = ——I—-h (29)
Ga
(hA)c
oo * = AMVC 30
o R (hA)h (30)
Calculate the dimensionless time (g%)
of & o0 (31)
dmin
Calculate the wall-to-fluid capacity ratio (E;*)
Ch oM (32)
- .
Cmin
-4
- i (33)
(len)(edmin)
Calculate the time argument parameter (¢).
0%

1+C *
w
Calculate the transient hecat exchanger effectiveness (ef*)

Curve fits to Figure 19 as follows:

NTU = .5, - 1o 2100 (35)
NTU = 1.0, e? . Jog ++80¢ (36)
NTU = 2.0, o} - ey T (37)
NTU = 3.0, ¢* = 1og 2009 (38)
If NTU < .5, e for NTU = .5 is used

3.0 is used

If NTU >3.0, €¢ for NTU

Calculate the steady state heat exchanger effectiveness (ess)
For crossflow and counterflow:

-NTU (1- ﬁmin)

s - 1.0-e Cmax
- Cmin _-NTU (1- <bin, (39)
1n cHONE o Cmax
Cmax
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For parallel flow:

-NTU  (1428in,
" _ 1l - e Cmax (40)
ss 1 + Cmin/Cmax

11. Calculate the heat transfer for this transient condition (q(t)):

e(t) = e?(o) + € - e?(t) (41)

* -
4 (Lss

e(t) Ess Cmin (Th. i Tc ) (A
in in

q(t)

12, Calculate exit stream temperatures

=t - _é__(_g_)_ (43)

hout hin Ch

=t + 458 (44)

t
cout e i

This completes the main data calculation block. At this point all

of the data for this transient time step is printed and the data for the next

transient time is fed in.
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NOMENCLATURE (Section 3.4.16)

SYMBOL DESCRIPTICN UNITS

A Heat-transfer area in2

C Fluid capacity rate, mass flow rate times specific BTU/sec-"F
heat

C Fixed capacity BTU/°F

Cp Fluid heat capacity BTU/1bm-"F

E@* Wall capacity relative to fluid capacity, -

Equation (32)

£ b Heat-transfer effectiveness, dimensionless -

h Heat transfer film coefficient BTU/sec
inz-oF

k Wall thermal conductivity BTU/sec
in-CF

L Total flow length £ = ’

NTU Number of transfer units, dimensionless = -

Af‘/Cmin or Equation (4)

¢ Denotes a functional relation -

é Heat transfer rate BTU/sec

P Density lbm/in3

R Total heat-transfer resistance cec-"F

BTU

R* Defined Equation (28) -

E Temperature °F

Tw Wall thickness in

G Time sec

64 Dwell time = (C/C) = (L/V) sec

eP Pressure response time sec

Gt Temperature response time sec
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SYMBOL

in

max
min
out

SS

NOMENCLATURE (Section 3.4.16) (Continued)

DESCRIPTION UNITS

Fluid flowrate response time sec
Time relative to dwell time, Equation (31) -
Pwell-time ratio -

Relative temperature differences -

Overall unit heat-transfer conductance BTU/sec
.. 2.0
ia -7
Flow velocity ft/sec
Flow-length variable ft
SUBSCRIPTS

Cold fluid or cold fluid side

Dwell time of fluid

Fluid, e .her hot or cold

Hot fluid or hot fluid side

Inlet section

Maximum capacity rate or associated with Cmax
Minimum capacity rate or associated with Cmin
Outlet section

Steady state

Wall



3.4.17 Steady-State Modeling - Gas Generator (high & low pressure)

The gas generator (GG) is essentially a combustor model operating
at a mixture ratio different from that of the main combustors. The model
uses the same basic fluid flow equations as the combustor model with addi-
tional calculations to determine the thermodynamic conditions at thLe gas
generator exits (duct entrance) (Reference Section 3.4.2, Steady-State
Combustor for Modeling and Basic Input/Output). The combustion equations
are based on curve fits of data calculated with the ICRPG program (References
12-16). The gas generator exhaust gas may be ducted to a turbine or to a
heat exchanger.

The approach used for modeling the GG is described by the following
equations. The nomenclature for these equations is found at the end of
this section.

The flowrate through oxidizer/fuel injectors is implemented as a

constraint equation and is given by:

+1

ks - 8c (2 /LPC Be My
Constraint wo’f PchAinj \/RT (Y 1) ; & 5

= 98 4
The characteristic exhaust velocity temperature, Speciflc impulse, combustion

temperature, gas generator, specific heat, and molecular weight are cal-

culated from the following curve fits:

C* = f(MR) (1)
TC = f(MR) (2)
ISP = f(MR) (3)
TGG = f(MR) (4)

- 5
cp f (MR) (5)
MW = f(MR) (6)

106



&9

The duct pressure
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SYMBOL

inj
CD

gcC

ISP

MR

NOMENCLATURE (Section 3.4.17)

DESCRIPTION

Area injector

Discharge coefficient through injector

Thrust coefficient
Characteristic exhaust velocity
Specific heat constant pressure
Specific heat ratio

Conversion constant

Specific impulse

Duct pressure loss coefficient

Mixture ratio
Molecular weight
Pressure

Gas constant

Temperature

Flowrate

SUBSCRIPTS

Duct

Gas generator
Combustion
Oxidizer

Fuel

108

UNITS

in

ft/sec

BTU/°R-1bm

32.2 1bm-ft
secz-lbf
1bf/sec/1bm

an

psia-sec”
%
lbm-ft"

psia

1bm
1b-mole

°r

lbm/sec




feedback connections between downstream components and upstream components.

3.4.18 Feedback Constraint Steady State

The feedback constraint subroutine was formulated in order to obtain

The subroutine calculates constraint equations for flowrate, pressure and

temperature. These constraint equations are minimized using a nonlinear

equation solver to obtain the desired feedback parameters.

The flowrate constraints are calculated as follows:

|

Constraint)

Constrainty = 1 - A

PFB
Constrainty = - %fg
'
- NOMENCLATURE (Section 3.4.18)
Variables Description Units
- - temperature °R
P pressure psia
W flowrate Lbm/sec
TFB temperature state variable °R
PFB pressure state variable psia
WFB flowrate state variable Lbm/sec
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3.4.19 Solution of a System of Implicit Equations

In the steady-state analysis program, it is necessary to have a sub-
routine or set of subroutines that computes a solution to the system of
equations F(X) = 0. These routines must be accurate, reliable, and eascy
to use. They must require a minimum of care and execution time as they are
used extensively. During the listerature search, a set of subroutines were
discovered which meet these specifications.

BEGS is a subroutine that, given N functions F = (f T fN) in M

1’
variables X = (xl, e xM), computes X such that IIF(X)H2 = § flz(x)
i=1

is a minimum. If M = N, it seeks the solution of the system of equations
F(X) = 0 using the Newton Method. BEGS requires two auxiliary subroutine:.
One routine must be provided to compute F(X) for a given value of X. The
other is subroutine LEGS. LEGS is used to solve an overdetermined linear

$

system of equations AX = B using the least squares method, i.e., to solve

the normal equations ATAX = ATB. These routines have proven to be accurate
and reliable and have been used successfully in several programs at both
TRW/Houston and TRW/Redondo Beach.

In the heat exchange model only one implicit equation is solved,
therefore, the regula falsi method (method of false positions) was used.

The regula falsi method is a numerical linear method of finding the roots

of an equation by determining the point at which the secant of the curve
crosses the Y axis. The two points Y1, f(Y1l) and Y2, f(Y2) are used to
determine the intersection of the secant to the curve with the Y axis. From
similar traingles £ = E—SXZL, and solving for Y3 we obtain the

¥3-Y1 Y3-Y2
interpolation equation

v3 = Y2 (fY1) - Y1 (fY2)
f (Y1) - £ (Y2)
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The method has linear convergence as shown in Figure 20,

f(y)

f(yl)

i
N
f(yy)

FIGURE 20. REGULA FALSI METHOD

3.4.20  1ntegration Subroutine

The transient analysis program requires an integration subroutine
for the combustor model. Through the use of the TRW/TSS terminal system,
a library integration subroutine was located. The subroutine is capable
of solving a set of N simultaneous, first order, ordinary differential
equations of the form:

y;' = £, &, ¥, Yoo vees YD)y, i =1, .iuym

using a classical fourth-order Runge-Kutta method.
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3.4.21 Thermodynamic Property Subroutines

Thermodynamic properties of the working fluid are required in many of
the program calculations. The necessary fluid properties include density,
thermal conductivity, absolute viscosity, and the two specific heats: Cv
and Cp. Subroutines which return these data for hydrogen and oxygen have
been included. These routines use linear interpolation in data tables
generated by the National Bureau of Standards (NBS) from real fluid property

data. The independent variables are pressure and temperature.

Hydrogen

All hydrogen properties are obtained directly from the accepted NBS
hydrogen property subroutines (Reference 35). These subroutines apply
for pressures from 1 to 5000 psi and temperatures from 25 to 5000°R as

shown in Figure 21.

Oxygen

Oxygen properties are obtained from previously existing subroutines
which employ property data from References 36 and 37. The data tables
in the original subroutines were extended to increase the pressure range.
The data presently covers the pressure range from 14.7 to 1249 psi and the
temperature range from 144 to 540°R as shown in Figure 22. Since the
pressure and temperature range is more restrictive for oxygen than for
hydrogen, the oxygen subroutine was further modified to use the closest
available data in the event the pressure or temperature fall outside the
permissible range. However, the out-of-range density value is computed
from the perfect gas equation if the pressure is out of range-low or if
the temperature is out of range-high. Diagnostics are printed whenever

the input pressure or temperature is out of range.

Two-Phase Fluid Properties

For the operation of the steady-state heat exchanger model with
boiling fluid, properties are required at saturated liquid and saturated
vapor conditions. Subroutines to compute the following two-phase boundary

properties are rcupplied for both hydrogen and oxygen fluids.

Linear interpolation is used within special data tables *o compute

the saturation temperature and the enthalpies, densities, and, for oxygen,
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the specific heat at the saturated liquid and saturated gas conditions.
The thermal conductivity, viscosity, and specific heat of hydrogen are
obtained by calls to the general cryogenic property routines. The fluid
pressure and the corresponding saturation temperature plus or minus 0.5
degree are the independent variables used to produce values at saturated

vapor and saturated liquid condition, respectively.
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PRESSURE, PSI

PSI

PRESSURE,

FIGURE 21. HYDROGEN PROPERTY DATA RANGE
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FIGURE 22. OXYGEN PROPERTY DATA RANGE
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()

4.0 ACPS SYSTEM SIMULATION RESULTS CASES

The ACPS computer modeling was formulated as presented in Sections
3.4.1 through 3.4.19. Each module was checked out separately and then
incorporated into the appropriate computer program. An overall system was
set up to demonstrate both programs' capabilities. This section presents
the demonstration case which exercises all of the respective component
modules in both programs. Additional results of the transient program line
and combustor models are presented.

The demonstration case system configuration is shown in Figure 23,

The system was set up to exercise the hydrogen side of the system and to
simulate the oxygen side as constant pressure boundaries. The system con-
sists of hydrogen from a storage tank feeding a gas generator driven turbo-
pump which increases the pressure to 1060 psia. The liquid is then fed
through a heat exchanger (hot side heated by a gas generator) and vaporized
which results in a final temperature of 500°R. The gas is then fed back
through pressure regulators to both of the gas generators and also to the
in-line H2 accumulator. Downstream of the accumulators, the H2 is fed to
three bipropellant combustors. The steady-state flowrates, dimensions and

temperatures are presented in Figure 23. The combustor thermochemical and

performance data are presented in Figures 24 and 25. The pump head and power

curves are shown in Figure 26. .The turbine efficiency curve for the hy-

drogen turbopump is shown in Figure 27.

To check the transient model, the flow rates and pressures at points
in a 50-foot horizontal, frictionless steel pipe were calculated after the
sudden closure of a valve (see Figure 28). Before the valve closure, the
fluid which was water was flowing steadily. The calculations were repeated

for differing time intervals and stability criteria. Equation (27) in

Section 3.4.2 is the stability criterion. The plot of pressure
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at the valve as a function of time should be nearly a perfect square
wave. Since this analytical model takes into account the fact that

the wave velocity with respect to the pipe travels at the speed of sound
plus or minus the velocity of the fluid, the wave shape will differ from
a square wave. However, at Lhe fluid velocity used in this example,
about 1.64 ft/sec, the difference should be imperceptible. At very high

fluid velocities the wave shape will differ considerably from a square wave.

Infinite Valve

Reservoir
'?i — >

fe———50 f.—=]

Fluid velocity, 1.64 ft/sec

Speed of sound in pipe, 4067 ft/sec

Friction factor, 0

Pressure in pipe before valve closure, 100 psia

FIGURE 28. TEST CASE FOR LINE MODEL

Four different computer "runs" were made. The first was for a computational
time increment of 1.0 ms and a value of (s) of 0.001. The variable (s) is a
value which determines the size of the length increment, AX, once the time
increment, At has been selected (see Equation (27), Section 3.4.2). It is
shown in References 19 and 22 that (s) must equal or exceed the ratio of the
maximum velocity in the pipe to the speed of sound in the pipe. The pres-
sure at the valve is shown in Figure 29 and the flowrate at the entrance

to the pipe is shown in Figure 30. The results show good agreement with
those anticipated. The pressure amplitude agrees exactly with that pre-
dicted by classical water hammer theory although there is some rounding

of the wave with the pascage of time. The rcunding is caused by the numeri-
cal approximations that are used to solve Equations(1)and (2). In Figures

31 and 32, the computational time increme:* is the same, but (s) was set to
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0.2. 1Increasing (s) has the effect of introducing an artificial dampening
which again is the result of the numerical approximations. Reducing the

time increment, however, will eliminate the effect. This is shown in

Figures 33 and 34 where (s) is equal to 0.2, but the time increment is 0.15 ms.
The effect of violating the stability criterion is depicted in Figures 35 and
36. 1In these, (s) is =-0.2 and the time increment is 1.0 ms. 1In this case,

the solution diverges wildly. The results given in Figures 7-10 indicate

that for maximum accuracy for a given time increment, (s) should be as small
as possible without violating the stability criterion.

The sy:tem simulated by the transient vrogram is shown in Figure 38. It
differs in a few details from the one used for demonstrating the steady-state
program. The heat exchanger is represented by a step change in temperature.
The design valves of pressure, temperature, and flowrate for each component
are showr. on the diagram. The combustor valve opening sequences and values
of selected variables during the transient are shown on plets in Figure 39.
The valve just downstream of the pump, the opening sequence of which is not
shown in Figure 39, was opened at .25 seconds from the start of the transient
in an interval of .02 seconds. The opening of this valve was delayved to allow
the pressure on the downstream side of the pump to reach a value sufficiently
high such that back flow through the pump would not occur. This opening ac-
counts for the sudden fluctuations in many of the variables starting at about
+25 seconds. Just before .25 seconds, the system seems to be close to a steady-
state operating point. Since, in the arrangement shown in the schematic, the
output of the pump exceeds the design point demand of the engines, the accumu-
lator will in general be either filling or emptying, and the system as a whole
will never be at a steady-state. Much of the fluctuation in the pressures and
flowrates at the various components in caused by the opening and closing of

the pressure regulators.
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' A dynamic model of an ACPS combustor was developed on the time share
terminal and implemented on the MSC 1108 computer. This basic model is
used as the combustor component of the total ACPS transient program. A
study was performed utilizing this preliminary combustor model to determine
its numerical stability and running time, and to investigate the advantages
of various numerical integration techniques. This model was expanded to
include curve fits of combustor performance data for a typical engine
thruster.

Based on the study results, the following conclusions were made:

1 - Representation of the ACPS combustors with this type model was
satisfactory and, therefore, a more detailed model was constructed
with this characterization as the foundation.

2 - Numerical integration of the model equations utilizing Euler's

&

integration scheme is relatively unstable. After thrust build-up
and during the period that the engine simulation is in steady-state,
the simulated chamber pressure oscillates +0.3 psia with a 0.01
millisecond (ms) computation interval and +2 psia with a 0.25 ms
computation interval. The solution never stabilizes.
3 - The Runge-Kutta integration scheme operates very well with the

model equations. No oscillations were observed during any of
the computation intervals. The solution stabilizes after 2.4 ms
of calculations and only becomes unstable if a computation interval
of 0.5 ms is exceeded. These results are for a step change in
pressure. For slow valve opening times, a larger time increment
can be used.

The combustor model is defined in Section 3.4.12. The model was set up

initially as a "stand alone" model which operates with a constant pressure
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boundary upstream of the chamber, thereby eliminating the effects of any

feedline perturbations for this study only. This was done to simplify the
stability, time step, and integration study.

During the checkout phase of the program development, the combustor
model was exercised as a "stand alone" program for simulating a typical
engine. For this checkout phase, a test case was employed with the com-
bustor model utilizing gaseous oxygen and gaseous hydrogen as propellants

7500

with the following input data: characteristic exhaust velocity

ft/sec, nozzle throat area = 5.1 inz, combustor gas temperature 6000°R,

and the specific heat ratio was fixed at 1.4. The propellant feedlines

to the combustor were maintained as a constant pressure boundary of 360

psia and a temperature of 530°R. The propellant flow control valves were

opened instantaneously and transient profiles of the propellant flow into

the combustor and the chamber pressure were calculated. '
The model was exercised at various integration step sizes using both the

Euler and the Runge-Kutta numerical integration schemes. Arbitrary varia-

tions were used for the integration step sizes to evaluate the maximum

integration interval which can be effectively utilized, the accuracy of the

results and the model's stabilitv. The integration step sizes examined

were 0.01, 0.10, 0.25 and 0.4 ms. As noted on Figure 37 the simple Euler

integration scheme has a transient response which is somewhat erratic

except for the 0.01 ms time step. With a step size of 0.5 ms, the solu-

tion diverges. It was also noted that a stable condition never really existed

even at 0.0l ms since the chamber pressure was still oscillating at +0.3 psia.

At a step size of 0.25 ms, the oscillations are +2 psia while for a step

size of 0.1 ms, the oscillations are approximately #5 psia.
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In an attempt to decrease the running time and increase the accuracy

over that achieved with the Euler technique, the Runge-Kutta integration

scheme was evaluated at calculation intervals of 0.01, 0.1, 0.125, and 0.4 ms.

Stable solutions were obtained as noted in Figure 37. As the integration
interval was increased to 0.5 ms, the transient pressure rise becomes less
accurate during the period from 0.8 ms to 4.0 ms of elapsed time as noted
from the slow pressure buildup shown in Figure 37. By 4 ms, all solutions
reached a steady-state simulation of 310 psia chamber pressure. The inte-
gration step size was increased to 0.5 ms and the soluticn diverged
extensively from the true physical system and went unstable because too
much propellant was allowed into the chamber, thus driving the model into
a reverse flow situation.

From this study, it was concluded that a Runge-Kutta integration
scheme was satisfactory. A computational step size of approximately 0.25
ms, which is one-fourth the step size being utilized with the dynamic feed-
line model, appears to be ideal. This time increment is for step changes in

pressure, slower valve opening times allow larger time increments.
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