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TECHNICAL NOTE D-851

RELATIONS OF COMBUSTION DEAD TIME TO ENGINE VARIABLES
FOR A 20,000-POUND-THRUST GASEOUS-HYDROGEN -
LIQUID-OXYGEN ROCKET ENGINE

By Daniel I. Drain, Harold J. Schum,
and Charles A. Wasserbauer

SUMMARY

An uncoocled 20,000-pound-thrust gaseous-hydrogen and liguid-oxygen
rocket engine was experimentally investigated over a range of chamber
pressure from 45 to 300 pounds per square inch absolute end over a
renge of oxidant-fuel ratio from 2 to 7. Combustion dead times (i.e.,
the time lag for a change in the oxygen dome pressure to be cbserved in
the combustion-chember pressure as the oxygen flow rate 1s abruptly de-
creased) were measured and were celculated from chember-pressure fre«
quency measurements for assumed combustion models. One model considered
the dead time to be equal to the inverse of twice the observed chambere
pressure frequency. The second model ccnsidered the same mathematical
expression with the measured frequencies edjusted to compensate for
chember-pressure dynamics in terms of gas residence time. All dead
times were correlated to engine operating variables, and it was found
that dead time decreased with increasing chamber prescure at constant
oxidant-fuel ratio or liquid-oxygen injection velocity. Correspond-
ingly, the dead vime decreased wiih decreasing oxidant-fuel ratio at
constant chamber pressure or oxyvgen injection veloecity. Close agreement
was obtained bLetween measured dead times and those calculated from fre-
quency measurements corrected for engine dynamics, indicating that com-
bustion dead time, for control purpcses, can adequately be determined
from chember-pressure frequency measurements.

INTRODUCTION

Ccmbustion-chamber dynamics are ~f importance to liquid-propellant
rocket-engine designers mainly because of the destruction often attend-
ing combustlon instability and other vibrations. In addition, with the
current interest in space travel, a more thorough xnowledge of
combustion-chamber dynamics is needed for engine control that will meet




the strict trajectory requirements. An important factor affecting
combustion-chamber dynamics is the time lag that exists between propel-
lant injection and combustion. Numerous theoretical studies of combug-
tion dynamics have been made in which this time lag, the dead time, was
considered to be dependent upon rocket-engine operating paremeters. In
reference 1, dead time is related to chamber pressure, while in refer-
ence 2 1t is related to injection veloelty as well.

The purpose of this investigation was to determine experimentally
the relation of dead time to the operating parameters of an uncoocled
hydrogen-oxygen rocket engine of the 20,000-pound-thrust class. Combuse
tion dead times were measured by abruptly dcooreesing the oxygen flow rate
with a fast-acting valve located in the oxygen supply line just upstresm
of the injector dome and noting the subsequent change in chamber pres-
sure. In addition, dominant chamber-pressure frequencies were used to
calculate approximate dead times corresponding to two different engine
dynamic combustion models, and these dead times are compared with the
measured dead times.

The injector was of the showerhead square-pattern variety. Gaseous
hydrogen was supplied at room temperature, and oxygen was supplied as a
liquid at about -320° F. Tests were made over & range of chamber pres-
sures from 45 to 300 pounds per square inch absolute, and over a range
of oxldant-fuel ratlos varying from approximately 2 to 7.

SYMBOLS
ABy o « o F exponents
7R calculated combustion frequency, cps
T measured combustion frequency, c¢ps
G funetion
H function
Ky ,KosKs proportionaliily constants, dimensiocns as required
o/F oxidant=fuel ratio
P, combustion-chamber pressure, 1b/sq in. abs
R, combustion-chamoer gas constant, ft/OR

Te combustion~-chember gas temperature, °R
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Vc combustion-chamber volume, cu ft
VLOX oxygen injection velocity, ft/sec

Wi, totel propellant weight flow, 1b/sec

Gg gas residence time, sec
O calculated combustion dead time, corrected for combuse-
tion dynamics in terms of gas residence time, millisec
agp calculated combustion dead time from measured frequency
data, millisec
% measured combustion dead time, millisec
¢ phase shift, deg
ViVyaba, Vs functions of time
APPARATUS
Engine

A diegram of the engine used in this investigetion is presented in
figure 1. The engine was fabricated from 1/2-inch-thick carbon steel
and is uncooled. The chamber and the exhaust nozzle are coated with
Rokide to minimlze overheating damage. The engine is designed to prow
duce 20,000 pounds of thrust at a chamber pressure of 300 pounds per
square inch absolute with sca=level nozzle expansion.

Injector

A drawing of the inJector is presented in figure 2, showing the
orientation, the number, and the diameters of the fuel and oxidant in-
Jection orifices. The supplemental fuel holes located around the pe-
riphery of the basic square pattern minimize the nonuniformity of the
flow caused by the segments formed by the outermost rows of holes and
prevent the oxygen from spraying on the engine walls, Fuel holes at
‘the outer lip of the injector faceplate provide film-cooling on the
chamber wells during engine operation. The faceplate is concave, having
been machined to a 20.0-inch radius; the fuel and oxidant Jets are loe
cally perpendicular to the injector face, vhereas the cooling holes are
arranged for axial discharge.




The fuel and oxidant flow through the injector can be noted from
figure 2. The oxidant 1s supplied to the injector dome, passed directly
through the oxygen injection tubes, and discharged into the combustion
‘hamber. Fuel enters the injector at the outer periphery from a sepa~
rate toroidal-shaped collector and flows around the oxygen injection
tubes and through a distribution plate before ejecting into the combuse
tion chamber.

Flow-Disturbance Device

The flow-disturbance device, hereinafte. referred to as the
"thumper," is a rapidly actuated valve that provides an oxygen flow area
decrease cf about 20 percent. The desired valve closure time was esti=
mated to be 0.05 milliseccnd, since the minimum dead time for this en-
gine was estimated to be 0.5 millisecond. A closure time sonewhat
faster than 0.05 millisecond was obtained with the thumper (patent ape
plied for and information avallable from NASA Lewis Research Center).

An illustration of the thumper and its components is presented in
figure 3; a schematic drawing of the unit is given in figure 4 to shovw the
principles of cperation. Oxygen flow 1s dfstributed through five gports,
one of which 1s suddenly closed. Each of the ports has provisions for
installing variable-sized orifice plates to accommodate the entire oxygen
Tlow range investigated. Flcw through the center port passes around a
necked-down portion of a piston, so that, when the piston travels, the
shaft will close the rort and thereby decrease the flow rate. The piston
Is retained ln the cocked position by a ballerelease mechanism (see fig.
4), in which elght steel balls are located in a groove in the piston and
held by a rotating ring with eight holes. The back side of the piston
1s pressurized with gasecus nitrogen. When the ring is rotated to aline
its eight holes with the balls, the piston 1s released. The same nitro-
gen gas used Lo pressurize the piston is used as & cushicn to brake the
piston movement at the end of its intended travel.

Flgure 5 shows the thumper assembly bolted to the injector dome,
which in turn is bolted to the rocket engine on the thrust-measuring
stand.

Test Facility

The test cell, the propellant systems, and the exhaust system are
described in deteil in reference 3. Liquid oxygen was supplied to the
engine from the propellant tank by a helium pressure system. The entire
oxygen supply line, up to the thumper, is immersed in an open liquid-
nitrogen trough to ensure a uniform oxidant temperature through the syse
tem. Gasecus hydrogen was supplied to the engine at room temperature
from a manifeclded bank of high-pressure cylinders.




B-1469

Instrumentation

Oxygen flow rate was metered with a caelibrated Venturi flowmeter
locsted in the oxygen supply tank. Gaseous hydrogen flow was messured
with a calibrated ASME flat-plate orifice. Corresponding pressure drops
for both the oxidant- and the fuel-flow rates were recorded on self-
belencing calibrated potentiometers. Oxidant flowmeter temperature was
measured with a platinum-coil resistor; the corresponding fuel temperas
ture was measured with an iron-constanten thermocouple. These tempera-
ture messurements were alsc recorded on potentiometers.

The steady-state chamber-pressure measurement wes made with a loww
response strain-gage-type trensducer from a static-pressure tep located
on the Injector face. Two pressure-measuring sites are provided on
botn the injector dome and the ecmbustion chamber in order to obtain
the dynamic-pressure readings from which dead time is estimated directly.
The measuring sites on the oxygen dome are located near each other and

on & radius about 3% inches from the engine centerline. The measuring

sites on the combustion chamber are located sbout 4 inches downstream of
the injector face 90° apart. Commereisl high-frequency-response prese
sure transducers are mounted at emch of the four sites. The pressure-
sensitive faces of the two transducers on the dome are loeuted flush
with the inside surface of the domes One of the chamber-pressure trans-
ducers 1s installed flush with the Roklde coating of the combustion
chamber. The pressure-sensitive face of the second chamber-pressure
transducer is located in & hole 3/16 inch from the inside chamber wall.,
The diameter of this hole immediately reduces to 1/10 inch (see fig. 1)
and constitutes the pressure tap. The acoustical resonance of this cone
figuration is caleulated to be gbout 8000 cycles per second, which is
well ebove the 1500-cycleeper-second meximum {requency expected in the
combustor. Compariscn of chamber-pressure traces from the two transe
ducer Installations for the initial tests indicated no differences. Ace
cordingly, in subsequent tests the recessed configuration was used for
both chamber-pressure transducers, thereby considerably reducing the
transducer ccoling requirements.

Data from these four transducers were recorded on magnetic tape
using an FM carrier. The data were then played back at reduced tape
speed into maiched recording galvanometer channels. Filltering of 40
decibels per decade for recorded frequencies greater than 2000 cps was
used in each channel to reduce the noise level. In addition to playing
the date from the tape into recording gelvanometers, the chamber-pressure
data were also played at the recorded speed directly into a Brilel-Kjoer
frequency spectrum analyser, and the dominant chamber-pressure frequen=
cies were thus obtained.




PROCEDURE

Because the rocket engine was uncooled, test runs were limited to
approximately 4 seconds. Stable rocket-engine operating conditions were
attained about 1/2 second after engine start. Midway in the stable por-
tion of each run, the thumper was ‘gctuated, thereby reducing the oxygen
flow by about 20 percent. This operation produced effectively two sets
of data for each engine run, because the oxygen-fuel ratio, and hence

engine operating conditions, are changed from the pre-thump to the post-
thump portions of the run.

-

Test points Wwere selected to cover a range of oxidant-fuel ratios

from 2 to 7 at various chamber pressures ranging from 45 to 300 pounds
per square inch absolute.

The pressure traces for a representative run (P, = 62.2 1b/sq in.
abs) are shown in figure 6. Two chamber-pressure traces and one oxygen=
dome pressure trace esre indicated. The second dome pressure trace weas
not reccrded because of malfunction of the transducer. Each major time
division on figure & represents 1/80 second; snd each subdivision of
time represents 1/800 second, or 1.25 milliseconds. Combustion dead time
is defined herein as the elapsed time for a perturbation in the dome
pressure to be observed in ihe combustionechamber pressure as the oxygen
fiow 15 decreased by the thumper. For the traces shown in figure €, it
appears that the dome pr~ssure perturbation occurs at point A, and the
chamber pressure responds at either point B or C, depending on the ob-
server's opinion. The dead time for this run, then, can be construed as
being somevhere between 1.75 and 2.25 milliseconds. Three obgservers ine
dependently read each data point; and, where differences of opinion re-
sulted, the range Jf deadetime readings is presented in table I and on
the dead-time data plots.

RESULTS AND DISCUSSION

Steady-state experimental values of chamber pressure, propellant
mass-Tlow retes, and the atiendant oxygen-fuel ratios are presented for
pll data points in table I. Also included in the table are chamber-
pressure frequency and oscillation amplitude data, as well as the ob-
served combustion dead-time data, when messurable. These measured dead
times are plotted in figure 7 as a function of the chamber pressure, the
number in the symbole indicating the corresponding data point listed in
teble I. The measured combustion dead times ranged from a minimum of
0.25 millisecond to & maximum of 2.25 milliseconds, with a general and
broad trend of decreasing dead time with increasing chamber pressure.

The spread of dead-time data for a constant chamber pressure indi-
cates that some engine variable (or varisbles) other than chamber

e e e
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pressure affects the combustion dead time. In addition to anslyzing
these dead-time data for trends with other engine paremeters, the x
chamber-pressure frequency data were studied, the objeat being to relate
the two sets of data. If a relation can be establish«i, then combustion
dead times can be obtained with a comoustion-chamber pressure transducer,
rather than by resorting to complex equipment such as used herein.

Chamber-pressure frequency measurements were one of the more pre--
cise measurements cbtained In the present investigation. More frequency
data were obtained than dead-time data because (1) not all runs produced
a measurable dead time, and (2) two sets of frequency data were obtained
'fv! el TQnL (1- ey }a!‘&- and Ilvst 'Dtull:’i TIIP. mMEaELTEd frEQHEILﬁ’.E'o‘ are
Presented in table I and are plotted in figure 8 as functions of chamber
pressure. Again the numbers within the symbols correspond to the date
points listed in table I. Figure 8 shows that the observed frequencies
o Faged Trom ZE0 v WO cyuies per secund, Wil ® brosd trend of ins
creasing freguency with increasing chamber pressure. As was found for
the measured desd-time data of figure 7, the frequency data of figure 8
indjcate that other engine parameters must be considered to account for
the data band.

Data for the plots of either time varieble (g, or f,) es a funce
tion of chamber pressure (figs. 7 and 8) were obtained over a range of
oxidant-fucl ratio and therefore a range of propellant injection veloce
lties. Most theorists concur that combistion dead time may be related
to propellant injection velocities through propellant drop sizes, evapoe-
ration rates, and chemical kinetics. Because gaseous hydrogen was used
in the experiments, combustion dead time would logically depend upon the
oxygen vaporization process. Hence, the oxygen velocity Viox and the
oxldant-fuel ratic were investigated along with the chamber pressure to
explalin the broad trends cf the data exhibited In figures 7 end 8. The
combustion dead time and/or the observed frequency can, the1:, be con-
sidered as 1unctions of these three parameters, and an equation can be
written symbolically as follows:

V = G(Pgy vpoys O/F) (1)

Any two of the three functional variables on the right side of equation
(1) are indepcndent, the third being dependent. Equation (1) can then
be written in terms of independent variables to produce the following
set of three equations:
¥y = Hy (Pey viox) (2)
V2 = Hp(Py, OfF) (3)

¥z = He(vpoxs O/F) (¢)
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For data analysis purpocses, these time functions were considerei
to be the product of the dependent variables, eech reised to an exponent.
The preceding equations are respectively rewritten, then, as followss

¥ = KPivio ()
Vo = K-ZPE(O/F)D (e)
Vg = Keviog(0/F)F (7)

The exponents and constants for these equations were determined by e
least-squares curve fit by using the arithmetical mean of the dead times
Tor the data points of figure 7 along with the assoclated values of
chamber pressure, oxygen in’ection veloeity, and O/F from table I. As
a result, the following set of three equaticns was evolved:

0, = 0.05272 P;l°930v%6§45 (8)
-0.460, , 0.57C

o, = 0.004000 B, (O/F) (9)
=-\Je 07

Co = 0.001818 vigy O(0/F)0 70® (10)

From these equations, lines of constant values of vyoy snd O/F

were computed and are shown in [ligure 3. This {igure shows that meass
ured dead time decreased with increasing chamber pressure at constant
cxidant=uel ratlo opr liquid-cxygen injectlon veloeity. It elsc shows
the: cthe dead 'me decremsed with decreasing O/F at constant chamber
2 oy oxypen Inlectlon velcaolity.

From the root-mean-square date calculactions, deviation values of
+1.31 znd -0.79 were obialned, meaning that +'8 percent of Lhe measured
dend-time da'e points lle within a range of *31 percent of their caleu=
lated values. iterative leasi=squares process, using either the mine
imum, the maxlmum, cr the mean measired dead-time va'ue for each data
point, will halve this deviation. However, the resultant equations were
not significantl; altered. The deviation can be attributed to both the
experimental accuracy 1- obtaining direct dead-t!me measurements from
pressure traces and Lo the inherent difficuliy of metering the liquid-
ox;gen flow rate.

In order to obtain some characteristic dead time from frequency
measuremenis, a combustion model must be sssumed. Although many models
were Investigated, the detalls of two will be presented, one in which
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the dead time lg considered to be equal to the inverse of twice the obe
served chamber-pressure Irequency (of = 1/2f5), and the second in which
combustion-chamber gas d namics were accounted for by appropriste mcdia
fications to the cbezsrved freguencles. If, for the second model, the
chamber pressure is assumed to be uniform at any instant of time, then
Lthe response of the chamber pressure following the dead time cen Te
characterized as a first-order leg system with a time constant equal to
she ges residence time dg. To cause sustained oscillation in a lirear
s;stem that has a leedback proporticnal to the output, the system must
cause its ocuiput signel tc be out of phase (180°) with its input signal.
The scurce of this phase shift is the sum of the phase shifts of each
time-dependent element in the system. The ccubustionechamber=pressure
phase shift © at any frequency is due to the firsteorder system time
dependenc;” ¢f chamber pressure and can be calculated as follows (ref. 4):

Cp = tan-lZKf'OGE (ll)
wher-.
VoPo
g * T2R Tuy, e

Theoretlical values of Re and Tp Ifor esch experimental dmua point
tabulated in table I were obtained with use of reference 5.

By inserling the experimentally measured chamber-pressure frequency
fo into equaticn (11) and subtracting ihis amouni of phase shift from
the total phase shift (180°), a calculated frequency Iy, chargeable to
combusticn dead time, can be computed as follows:

180
180 - @

fo (13)

f@a

This caleulated Irequenc: 1s the frequency at which the linearized engine
model will sustaln oscillation if the 180° phase shift is chargeable
solel: to the dead time. Values for dead time corrected for chamber
dynamics 6, can then be ccmputed by using the mathematical relation
beiveen dead time end frequency, 0, = 1/2fc. Computed values of 0g

and oy are tebulated ln {sble I.

The frequency data for 'he two combusiion models were individually
applied in leaste-squares fits to the basic timeedependent equations (5),
{c), end (7), and the constants and exponents were determined. The re-
sulting equations were then converted in terms cf appropriate dead times
by the aforementioned mathemetical relaticn. Wlth the first model, the
following set of three equations resulis:
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-1.640_1.184
o, = 0.04374 P Viox (14)
op = 0.005640 PaO" ¥4 (0/p) 0372 (15)
-0.412 0.489 .
op = 0.00279¢ v oo (0/F) (15)
The corresponding equations for the second model are
o, = 0.05376 PLl* 745,120 (17)
o, = 0.006662 PEO'SOQ(O/F)O‘381 (18)
-0, 494 0.521
0, = 0.002875 vy ™ (O/F) (19)

The statistical deviations for the preceding six equations were on
the order of #10 percent, indicating a better data accuracy than ob-
served for the measured dead-time data o,. However, about three times
as many frequency data points were avallable for analysis as were meas-
ured dead times.

To compare the dead-time results obtained from the two combustion
models with those cbtained for the measured deed times, grid lines of
constant values for vpay and 0/F were established from the appro-

priate sets of equations. Intersecting grids were again obtained, sime
ilar to those shown in figure 9. Although these grids are not shown in
their entirety, the parallelogram shapes, obtained from the experimental
limits of vpgy (15 and 100 ft/sec) and O/F (2 and 7), are presented in

figure 10, along with the corresponding limits for the measured dead-
time data. It can be noted that reasonable agreement, particularly in
the low-chamber-pressure regime, existed hetween the measured dead time
(0y) and the dead time calculated directly from frequency data (or,

model 1). When combustion-chamber gas dynamics were accounted for in the
determination of deed time through frequency data (0., model 2), good
agreement with the measured dead-time data was obtained over the entire
range of chamber pressures investigated. This degree of correlation can
also be noted by comparing the calculated with the measured dead-time
values, all of which are listed in table I.

From the comparisons of figure 10, it can be concluded that the com~
bustion dead time, for control purposes, can adequately be approximated
from chamber-pressure frequency measurements. Best agreement of fre-
auency deta with measured dead-time data was obtained when combustion-
chamber gas residence time was taken into account.
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Because dead time was found to be affected by chamber pressure and
oxygen injection velocity, perhaps more sophisticated combustion mcdels,
such as discussed in references 1, 2, and ¢, might have been investie
gated. These models, however, involve more complex computations, and
require inclusion of feed-system characteristics, pressure drcps, pres-
sure levels, and other considerations. It is felt that utilization of
the more sophisticated models is unwarranted in view of the degree of
correlation obtained with the relatively simple model where combustione
chamber gas dynamics were compensated for in the frequency measurements.

SUMMARY OF RESULTS

Experiments were conducted on an uncooled 20,000«pound-thrust
gaseuus-hydrogen and ligquid-oxygen rocket engine over & range of chamber
pressure from 45 to 300 pounds per square inch absolute and oxidant-fuel
ratic from 2 to 7. Combustion dead times were measured andi compared
with dead times calculated from frequency data for two assumed combuse
tion models. The following results were obtalned:

1. Measured combustion dead time decreased with increasing chamber
pressure at constant oxidantefuel ratio or liquid-oxygen injection velocs
ity. This dead time also decreased with oxidant-fuel ratio at constant
chamber pressure or oxygen injection velocity.

2. For the engine model where combustion dead time was considered
to be the inverse of twice the measured chamber-pressure frequency, only
a fair agreement with the measured dead time was obtained over the
range of engine variables investigated.

3. When the measured chamber-pressure frequencies were corrected
for gas-dynamlcs effects in terms of the gas residence time, close agree-
ment with the measured dead times was obtained over the entire range of
variables investigated.

CONCLUSION

The combustion dead time, as required for control purposes, can
elther be measured directly or can be closely approximated from chamber-
pressure frequency measurements, if these measurements are corrected
for engine dynamics in terms of the gas residence time.

Lewls Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, March 10, 1961
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164 Peripheral holes

0.038" diam.

120 Wall-cooling holes ( am. )
(0.031" Giam.)

1272 Hydrogen holes ‘
(0.052" diam.)

& : . 1.553 Oxygen holes \\"'
) (o 0:51" dia.m.
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Figure 7. - Measured dead times as function of
chamber pressure.
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Figure 9. - Measured combustion dead time as function of

chamber pressure with lines of oxygen injection velocity
and oxidant-fuel ratio calculated from equations (8) to

(10).
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Figure 10. - Intersecting grid limits for three different
dead-time determinations.
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