UNCLASSIFIED

AD NUMBER
ADA800132
CLASSIFICATION CHANGES
TO. UNCLASSI FI ED
FROM: RESTRI CTED
LIMITATION CHANGES

TO:
Approved for public release; distribution is
unlimted. Docunent partially illegible.
FROM:

Di stribution authorized to DoD only;

Adm ni strative/ Qperational Use; FEB 1952. O her
requests shall be referred to Air Force
Materi el Conmmand, Wi ght-Patterson AFB, CH
45433- 6503. Pre-dates formal DoD distribution
statenents. Treat as DoD only. Docunent
partially illegible.

AUTHORITY

E.O 10501 dtd 5 Nov 1953 FTD Itr dtd 12 Sep
1968

THISPAGE ISUNCLASSIFIED




CLASSIFICATION CHANGED

ATl

rroy RESTRICTED TO) UNCLASS'FE_E_Q_-

insert Class insert Class
]
Ox v
’..,”’ { v
ON [ iv authority of Agenc
wontn - Lay  Year Specify Authority Being Used

(44 . . ¥ % Z
This action was rendered by M&/ 6 ? OSF

Name n full Date

Document Service Center, ASTIA




* DISCLATHER

pr
)
Owo*

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




(.?qowc/acp
FROM
LOW CONTRAST COPY.

ORIGINAL DOCUMENTS
MAY BE OBTAINED ON

LOAN

FROM

ARMED SERVICES TECHNICAL INFORMATION AGENCY
DOCUMENT SERVICE CENTER

U.B. BUILDING, DAYTON, 2, OHIO




=
o

3

&

Ll

N
N
A

"))
A gy

’
i el
W
S

H
4

5

TR
o
g

(=]

/

e

RN A NN TR ANAAAN)

1
|

February 1952
’ o
! /
Ld . ¥
4
U
Published by
CENTRAL AIR DOCUMENTS OFFICE
(Army - Navy - Air Force)
\ U. B. Building
Dayton 2, Ohlo
i) ‘ ‘ '
"“ -'MI': I pioparing sepy foe M with either Pica’ .‘.v-lb‘n ;;Do-vlqv
Sl O , o n ; NG

. j-‘\\ ..“,-.,.'._ ¥ . 4 : ! . . .
ot M o i o e R L T e T 2 e st L4




n

4

o
A

AN

o3
o

hhhhl., F

. A - - ul K i & e v

MASY!I YYNNO GUIDE

page site

RESTRICTED

ABSTRACT

This volume on Thrust Contro} makes an analysis of '
the various thrust-control systems utiltzed on both gas-
pressure and pump-~pressure feed systems and presents
detailed analysis, showing both the degree of complica-

tion ang simplicity which can be achieved depending upon

the requirements established for the use of the rocket
engine. For a complete coverage of these subjects, it is
recommended that all volumes of this series be consulted.
Utilization was made of the applicable portions of -the
55,000 captured foreign documents relating to rocket en-
gines, supplemented by interrpgations of German technical
personnel located in the United States.
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fied, less efficient controls rather than waiting to develop a throttle meeting all specifications. - 3

 complicated control procedures are justified if required to maintain engine performance. On the ‘ !

l ~ for by lowered cost, complexity, and fixed weight of the engine.

the fundamental rocket parameters.
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VOLUME VII

THRUST CONTROL

INTRODUCTION

v

Requirements for Thrust Variation
In ord—er to achieve a fuller understanding of the problems of thrust control in foreign rocket

[
engines, it is desirable to review the basic parameters involved in the selection of any given thrust
or range of thrusts. L ]

The, selection of a given thrust value depended upon the mission of the vehicle utilizing the E.— .
rocket engine, and upon the physical and structural limitations imposed. These requirements were —
met to varying degrees, depending upon such practical considerations as experience, manufactur- =
ing, and available time. The latter factor was of prime importance in dictating the use of simpli-

= .
In general it may be stated that foreign JATO' s, ground-to-ground missiles, and flak rockets- b
required constant acceleration, and therefore constant thrust. Many air-to-air or air-to-ground -
missiles and some ground-to-air missiles demanded a high degree of initial acceleration. For :'_‘ 304
reasons of 2guctural limitation or guidance, however, the acceleration was sometimes limited or ‘:‘ ——
even reduced'to zero (consthiit velocity). This was the case in the 109-548, 109-558, and P 3376. . -
On the other hand, rocket engines for piloted aircraft were usually required to have infinite varia- - E
tions of thrust within limits or sets of limits, as in the 108-508 and the P 3390C; this permitted the, —_55 i
fullest exploitation of the power available from a rocket when required, together with the conser-
vation of propellant supply.

s ol

/

S i

The specific propellant consumption may serve as an indicator of the rocket engine efficiency.ss . .+
Obviously, high specific propellant consumption is undesirable for high-impulse applications, and o8
is somewhat less critical for those of low impulse. This consideration has a pervasive effect on ',: -
the type of throttling to be considered. Arrangements for throttling high-impulse systems must . .
give consideration to the resulting variations in specific propellant consumption. For such systems; —
other hand, the differential weight saving in cases of low impulse systems may be so small that -

considerable decrease in engine efficiency is acceptable, since it would be more than compensated E: ’

N
g
s

=%
An evaluation of the effect of throttling on specific impulse, as well as the way in which -
throttling and pump control are interrelated, requires consideration of their respective effects on

0

I is defined as ©

sp w

U

ow!

1000 w

v'p is defined u» T . .

CEITE L

The following factors are found to influence -néi{lc impulse:

-
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k = Ratio of specific heats.

vch = Ratio of chamber temperaturs to
the average molecular wetght

p . 1
-l-)fu = Expansion ratio, determined b} the ¢chamber pressure and operating altitude.
s : ,

The importance of the foregoing pa.rtmedcrs follows from the fundamental relationship:

F=mc

b4

FTTT T REEE

_ | 29k T P u]
°‘\/'¢:'-T'R"'~+[’ (Pc)“

the thrust equation, therefore, becomes

i 29Kk T, Pg \X-
F= = TET’RU'?L[‘"(?:‘)S"J]

The specific propellant consumption is designated as the weight flow per unit thrust, usuxlly
stated in 1000 1b units. For any given thrust, the value of wg, is a function of the cxhault nloclty g
\ ‘and hence of k, T./M, and P,/P.. The latter value is umnlvtakon as the reciprocal of the ex- |

pansion ratio P / P,.
The functional rehtlonshlp theq appears as

LT NHI.

Wep ~ !
o Kk (Te/m)( Pe/Pe)
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{, a reasonably wide range of
.'im.,,i'. alcohol, T-stoff ?- g--eoa
h -lxtuommeoualtwlth*throttﬂu” is
Cond attempts were

{ 4 ,punnm -

et A i it e

°® nuurho dnecrlnumudtio-nthorunodynn-uc -
drop. In practical cases, the chamber pres- -
cording to the relationship F = Cy Pc tt
Variation in the ratio of ific heats, k, is of secondary importance, as shown in the
discussion in the rocket motor section jof this report (51-0-12A, Vol, I). The commonly
used value of k = 1.2 offers an acceptable oximation. However, tables are available

(constructed at Peenemunde) covering the ons of k for oxygen-alcohol, C-stoff- T-stoff, and
the "cold" reactions. \ \

' mmarc/nmm
charts and represents changes in available
L~ sure is varied to effect a desired change in

.I .‘ /(
30

35. A noteworthy point is that the optimum T /l( is usually obtained below the maximum

value of Tc' as illustrated below.

e

1
X

Ll

o 50
““¥IMixture Ratio onduer/ruel)
-,
_: a : 2
’ 29— )
2 Mixture ratio considerations also affect the injector design. This part of the problem is |
- discussed in detail in the propellant injector portios of this report (§1-0-12C, Vol. IV). Neverthe- =
. less, it is desirable to note here that a constant mixture ratio requires the maintenance of a con- E
' 6L-— stant ratio of pressure drops, and this factor, in turn, influences the design of the thrust control. [— ¢g
7 This conclusion follows from the conlidontion that tho weight flow of any liquid is proportional to
— to the area (A), the density (£ ), and the square root of the total pressure drop €yAP). To main-
_ tain a constant mixture ratio by weight, therefore, it is necessary to hold the ratio
o B 4
. - | E_ss 2
= . . where subscript o = oxidizer .
": Ao oV AP, = constant t = tuel ( -
. ATI-86006 =
b
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Cooling is another important consideration in maintaining a good specific impulse during?
throttiing. In practice, combustion chambers are frequently operated at temperatures below the §
attainable maximum by running the mixture ratio on the fuel-rich side. The aaditional fuel does 3
not enter into the reaction, and is not influenced by throttling. Accordingly, the method of cooling
by fuel dilution results in higher fuel consumption. Thus, !

W, =W, + Wy where W, = total weight of fuel (not propellant)
We = weight of fuel used for cooling
Wp = weight of fuel used in burning

However, the amount of fuel used for cooling depends less on the mass flow through the
motor than it does op the chamber surface area. Hence, W, tends to remain constant throughout

the throttling. Therefore when Wb is reduced because of throttling, W does not follow in the
sarpe ratio. 4

Nozzle Phenomena

The expansion ratio, P¢/Pg, is a function of the nozzle design. Conventional theory
demonstrates that Cy increases directly as the chamber pressure, and, conversely, declines when
the combustion chamber is throttled by dropping the chamber pressure. A secondary consequence
follows from the fact that the optimum expansion ratio may no longer be obtained in the nozzle. 305
The importance of these effects depends on the specific chamber pressure selected and on the :
desired range of throttling. The following sketch displays this relationship.

|
]
i

D
M

=

——ge i
— —— alhs »
:

:

T T TTT T

7 -2

Variations in the noule coefficient convert themsaelves directly into mhtiols in specific
propellant consumptlon accordlng to the following relationship:.

CFF:.,f,-F=(—;.i)c

.
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Therefore, as the chamber pressure decreases, lowering the value of Cp, an increase in specific #
propellant consuniption must be anticipated. This relationship applies even if combustion efﬁclen~
‘ cy is maintained, thereby holding the value of ¢ constant. :

Among the more interesting innovations in throttling introduced abroad was the idea of
compensating for the variation in Cg by holding the chamber pressure constant and varying the
throat area (BMW patent application, Sept 1940). In this way, the expansion ratio would be held
constant, and hence the value of Cg maintained. A secondary advantage of this arrangement would :-r
be the simplmcation of injector design. This method of throttling is more fully discussed in the 3
following sections of this report. ‘ =

The operational characteristics of the vehicle sometimes affect the nozzle parameter, =
particularly where the vehicle must operate through an extreme variation in ambient pressures, -
e.g., the A-4 and the Wasserfall. Pressure variation appears as the back pressure in the expres-
sion, Pg/Po, and the changes in the nozzle coefficient with this parameter must be taken into ac-
count in a successful throttling system.

‘Practical considerations in the design of the nozzle, such-as weight, cooling, and aircraft
connguration also influence the obtainable thrust of the vehicle. T is illustrated below in the
discussion of thrust control of the 109-509.

&

5

METHODS OF THROTTLING N

General Types

¥ Three general types of thust control were used in foreign rocket systems: "run-down," set
- program, and variation at will,

:

3 1. Run-Down. Systems throttled by the run-down method were pressure systems used

3 - principally in guided missiles. Ground-to-air and some types of air-to-air or air-to-ground mis-

. siles, such as the X-4, the E-4, and the R-3, required a high initial thrust to accélerate the vehicle,

_ after which the thrust could be permitted to drop off. Thus, in effect, this method resembles a two+
stage throttling system. The run-down pattern closely approximates the thrust requirement of
ground-to-air missiles which climb substantially vertically. Since drag is proportional to air
density, it decreases with altitade at constant speed. The adjustment of this linear decrease to the
adiabatic type of curve characteristic of the run-down method of throttling is made by the fact that
the high acceleration required for take-off accounts for the steep portion of the thrust-time curve.
The thrust is then permitted to level off, corresponding closely to flight at constant . speed. This
may be shown in the following schematic illustration.
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* such as the Me-163, the Me-262, and the P

: rocket interceptors for extremes of performance. It was therefore necessary to provide an un-

a. Two-motor operation, in which
Example: the P 3376. | r

b. Automatic partial shut off of pr pol!ATt supply. Example: Schmidding 8G-24.

c. Constant thrust for take off, folt:ed variatioa of thrust depending upon ram air
pressure during flight. Example: Hs 117 using the BMW 109-558 rocket engine.
' - _

d. Two-stage-thrust operation, obthined by pump-speed variation. Example: the A-4, &

3. Variation at Will. A full range of t.h.iust control was required only in military aircraft [=

eenemunie rocket interceptor, where it was desired to i+
give the pilot full control over the output of the rocket engine. The high speeds and operational
altitudes of Allied bombers and tighters during the Jast war forced the Germans to design their

limited control range within the operational 1imits of the rocket engine. Several degrees of con-
trol flexibility were encountered. They may be roughly classified as:

a. Ir‘xﬂnlte variation. Example: BMW P 8390C and HWK 109-509.

b. Infinite variation within set stages. Example: 109-708B.
THROTTLING OF PRESSURE SYSTEMS

Pressure systems are commonly held to be inflexible with regard to control, and are there-
fore usually rejected for other than the simplest control requirements. This impression is con-
tradicted by the surprising variety of thrust control patterns encountered in foreign pressure
systems. The 109-548 rocket engine was a pressure system with run-down thrust control; the

P 3376 had two-stage control; and the thrust of the 109-558 was variable through a wide range of
values.

The ability to throttle was found in several types of pressure systems, includipg conventional
gas pressurization, differential pistons, bladder types, and simple orifice types.l It is therefore
apparent that thrust variation is closely integrated with the over-all design of the system.2/ Cer
tain pressure systems are inherently difficult to regulate, e.g., the differential piston; in others,

such as the orifice type, the throttling characteristic is inherent in the basic design; while still
others may be varied at will within extremely wide limits.

The Run-Down Method ol Thrust Control (BMW 109-548)

The basic principle of the run-down method of thrust control is to use a simple, restricting
orifice between the high pressure gas tank and the propellant tanks. In the absence of other regu-
lation, the propellant feed pressure, and hence also the thrust, follow the curve of a polytropic

1/ For example, BMW 109-548 pipe coil system.

g/ For design details and analyses of various types of pressure systems, see APJ Report
No. 51-0-12H, (Vol. V).
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he [ 8 sec. To simplify the design, a compromiss =
ust from 330 1b down to the point where combustion
emained 3520 Ib sec. Sketches of the thrust-"
mtomised design are as Tollows:

\

- -3
A high initial thrust followed by a rapid drop was necessary in the compromise deslgn; in =
- order to obtain the specified accelerating impulse of 1760 lb sec for the first 8 sec. This, howcveE 653
. subjected the entire X-4 assembly to a high g initial loading, and also required heavy tanks, lines,

. and motor structure. Moreover, the tubing in the tanks was ruptured by the 1700 psi. To improve
"j.this situation, the impulse for the first 8 sec was Jqduced_ to approximately 1440 b sec by lowperl

2
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the initial supply pressure from 1700 psi to 1560 psi. Although the yleld strength of the tubes
still exceeded, this was not considered serious for a "one shot" rocket.

-

—-— Figure 1 shows the variation of initial thrust and impulse during the 8 sec acceleration perig
with initial supply pressure. The assumption is made that the pressure tank is filled to 1560 psi’
at 50°F. Any change in temperature is reflected in the gas pressure according to the formula

Py T2 = P2 T, (1) where Pj] = (initial pressure (psi) ;
: =% B
L5
— - -
T; = (initial temperature (°F abs) o |
A e @
Py = final pressure (pst) i
L =
Ty = final temperature (°F abs) ol
For example, if P, = 1560 psi, P, = 1700 psi, T, = 512 °F, and T, is unknown, 4
P, T =
P2 (100) 512) . =
Ty = = 1560 = 558°F abs -
I-. "
L8 = - | .- 0
> 98°F. R —3
. Reference to Fig. 1 confirms this value.

Figures 2 and 3 show the variation of actual and calculated thrust vs. time at 52°F and at
-4°F, respectively. As a result-of the P-T relationship explained above, the actual thrust values
in the lower region on Fig. 2 deviate by as much as 25% from the calculated values, while the
actual and calculated thrust values at -4 F coincide quite closely, although the entlre curve is
considerably below that at 52°F. This, of course, assumes that the gas bottle is filled to its design
pressure at 52°F, and that the unit is operated at -4°F. These tests illustrate the close dependenc
of engine performance on the supply gas temperature. Rocket engines with this type of thrust con-
trol should, therefore, compensate for differences between the temperature at which the gas bottle
is filled and the operating temperature of the missile. Inasmuch as this factor is a function of
operational procedures, provision for field adjustment must be made.

These pressure and temperature limitations had an adverse effect on foreign missile per-
formance. For a while they were regarded as acceptable, in view of the manufacturing ease and
simplicity of the 109- 5483 arrangement. Later, however, propouls were made to improve the
impulse by abandoning the pipe coil entirely. Another, less radicdl proposal, which was never put
into production, was to level off the high initial thrust by the use of a simple pressure regulator.
The regulator was to be set to limit the thrust to 220 1b for the first 8 sec, after which the gas
supply pressure was to decrease to a value which equaled the regulated pressure plus the pressur
drop through the regulator. The regulator would demand more supply pressure, which, being
unavailable, would cause the regulator to be blocked wide open. The gas pressure would then drop— :!
adiabatically through the regulator as if it were a fixed orifice, and the thrust would follow the =

E
curve shown below.
h ]

3/ Pipe coll system.
- . ' ’
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The operation of this pipe-coil type of rocket engine is explained in detaid¥n Meport No.
51-0-12H (Vol. V), but some aspects of thrust control and the effect of decreasing thrust on the
specific propellant consumption may here be noted. The value of thrust at any given instant, with
efficient combustion assumed, depends upon the supply pressure less the summation of all the
pressure drops of the gas and propellants through the tubes, fittings, orifices, combustion-chamber
cooling-jacket and propellant injector. The tube sizes, fittlngs combustion-chamber coollng-
jacket restriction and injector holes were fixed by the detall design parameters. . Juis

The ignition characteristics were such that it was necessary for the Tonka to enter the motor
about half a second earlier than the acid. An orifice in the acid line just before the entrance into
the jacket restricted the flow sufficiently to insure the desired time lag. The size of the orifice
was determined empirically, and varied between 0.15 and 0.18 in. in diam, depending upon the fabri-
cation tolerances in the various engines. The orifice in the Tonka line just ahead of the injector
was also empirically chosen. It was used to lower the Tonka injection pressure to a valug com-
parable with that of the acid after it flowed through the cooling channel. The pressure ratios were

d controlled in order to maintain the proper mixture ratio of 4.2 : 1 (acid : Tonka) by weight through-
out the thrust range. .

-

23

Figure 4 shows the variation of specific propellant consumption with thrust for three different
15 injectors, compared with the theoretical value (curve 4). Injector No. 3 produced the best results
and was the one used in the production model of the 109-548 rocket engine, although overall ex- -
perimental research was carried on to the end of the war. As late as November 1944, a proposal . &
was made to design this engine as a bag rocket, in order to increase the total impulse to 4180 1b
. sec by increasing the tank material strength and the initial pressure. However, no complete unit
of this type was ever built, Test units of the pipe-coil design reached the static test stand in
August 1944 and flight test units were delivered in February 1945, These proved satisfactory, but
‘the war ended before they could be used operationally.

Preset Throttling by Means of Two-Motor Operation (BMW F3376) .

An interesting and simple method of thrust control is that described by BMW in their P 3376

proposal for a differential piston glide bomb, wherein throttling was to be achieved by cutting out
. - one of two motors. Omne large motor was to produce 2640 1b thrust for the first 20 sec and then be
) ' shut off. The smaller, cruising-motor was to add 660 1b thrust both during the first 20 sec and for
~. 40 additional seconds. This program would provide the thrust needed for initial acceleration away *

"< from the mother aircraft, and for accurate flight control and extended range. The cruising
&5 - chamber had the further roquironon: of providing the necessary pressure to operate the dlfferen- !
i tial piston feeding the propellants to both motors.

- 'j

.

E iR RESTR[CIED e

WE.O-14 Jon a8 pom g ) l’u wie pu” ~y ‘.” tor pubbeation with oither Piga or Vire Typamriter

L d




":——E No ific reference was made to the
—| document4/ mentioned that the thrust was a'f
| mined the point at which the large motor was
é piston tripped an electrical contact after it
c,:j
=
3

“+ walves or solenoid-piloted servo valves in
been energized and the propellant supply cut ¢
represented by the following sketch.

S TR PR EEY  N .

‘ Throttling the P g}u had no 111 effect on the quoted specifis-propellant consumption of 8.2 Ib/
~ 1000 1b sec impulse. Both chambers were to operate at the same constant chamber pressure,

. and cutting out one would not adversely affect the other. In fact, the specific propellant consump-
. tion of the small motor might improve slightly after the large 'motor stopped, because less gas

- would be bled from it to supply propellant feed pressure. '

The P 3376 rocket engine never progressed beyond the design stage, not because of design

limitations but because other gudein;mb projects received higher priority, and personnel was
transferred to the other projects. '

I two-stage control of a differential piston rocket unit meets the missile flight requirements,
+ this type of control represents by far the simplest and most efficient method. The specific pro-
pellant consumption is8 not increased; the control may be electrical, mechanical, or hydraulic, and
may be set for any desired impulse combinations.

Preset Throttling by Automatic, Partial Shutoff of Propellant Supply (8chmidding 8G-24)

An alternative method of securing a preset program was attempted in the Schmidding SG-24.
This design cut the {low of propellants and hence throttled the engine, by increasing the pressure
drop between the tanks, which were at constant preasure, and the combustion chamber. Thus,
substantially the same result was achieved as in the P 3376. The 8G-24 was a bag rocket 8/ whose
thrust was regulated in two stages; one of 330 1b thrust for 4 sec and the other of 110 lb thrust for[_ ]
25 sec more. A brief description of the rocket engine, shown schematically on Fig. 5 (APJ Dwg. 4
No. 051-900-22-00), is necessary to more fully understand the thrust control.

i

IT'[ T_IT

=
2
- e
4/ APJI No. F 9-137. E
5/ APJ No. F 13-28. E-—_
_.6 &
8/ A general discussion of bag rockets may be found in APJ Report No. 51-0-12H, (Vol. V). -
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1 re of 4260 psi to an estim ited
| is uthupo(nelrdthom

rubber bags. (Thb.puo-dll
rmmm-mmmm
i the other, the larger one, by-passes

t-. normally open, cut- and then into the injector. The fuel line B
ﬁl_lhfnlhak(!)hoor”ﬂtﬂlm ()m(l)l.ndabl.llcheckvnln(ﬂ) muu
from the larger fuel tank (2) has only a burst membrane (10). The check valve (9) prevents re

below from the chamber (4) into the small fue] tank, after its fuel is depleted and the engine is
‘running on the fuel from the large tank alone.

“\ The unit is started by energising both the mmoxn.n burst valve (6) and the pyrotechaic
igniter (11) simultaneously. The oxygen gas - th the regulator (7), is reduced in pres-
sure, and flows to the fuel tanks (2 and 3) and jthe mptor (4). The pressurized fuel from both tanks
= bursts the membranes (8 and 10) in the lines 4nd flgws into the injector. The oxygen gas flows

F=] through two lines, one through the pneumatic yalve (5) into the injector, and the other directly.
Ignition takes place from the igniter (11), and a thrust of 330 1b is attained. After 4 sec, the fuel i’
in the smaller tank is depleted, cutting the fudl su to about one third its former value. For an &7 _ 2
instant the combustion chamber runs extremely oxygen-rich, but the chamber pressure drops
2 almost instantaneously. This drop closes the pneumatic|valvel (5) in the oxygen line and cuts the
A supply of oxygen by one-third, thereby re-estiblishing the mixture ratio at a lower thrust value.
3 The motor then operates at 110 1b thrust for an additional 25 seconds. The total thrust-time curvej—
. 35— therefore, follows the typical two-stage pattern shown below.

N
£
Q7

=
v

T 1

N
O

w
N

It should be noted that the smaller fuel tank has the larger lines, and vice versa. The effect
of this arrangement is exactly equivalent to that which would be obtained if a single fuel tank were
used with two exit lines in parallel, the larger one heing shut off after a short time. 1/ If this
- alternative had been adopted, however, no simple method of timing would have been available and

" the respective hydraulic character 1stics of thelines would have been difficult to adjust. According-
= 4 ly, the arrangement involving two tanks was selected, despite its less favorable surface-volume —

AN AR AN R AR RNNENRR b

A
o W

T T T

" ratio and hence greater vel/ght _ -
: =65
S
et 7/ This arrangement was located in a single reference (APJ No. F 13-91), but appears to have :
. been abandoned for the reasons given here. -
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No information as to variation of specific propellant consumption with thrust was located. A 3
minimum value of 5.5 1b/1000 lb sec impulse was quoted;!/lthls may be taken as valid for the firs{l
stage. However, inasmuch as the chamber pressure drops to approximately 33% of its design '
pressure, the specific propellant consumption during the throttled period may be assumed to have
deteriorated to the neighborhood of 6.8 - 7. In view of the relatively longer operating period at
lower thrust, the available specific impulse would be rather poor. However, the total impulse of
the system is relatively small, and heénce this factor is not too important.

This arrangement may be regarded as relatively poor in comparison with that of the P 3376
described above. However, it will be noted that the maintenance of chamber pressure in the .
P 3376 was due entirely to the selection of the differential piston system, and could not have been
obtained as economically by other means. This point, again, illustrates the design compromises
which must be made in the over-all selection of a system.

Preset Throttling by Variable Injector (BMW 109-558)

The ultimate in control flexibility of pressure systems was achieved in the BMW 109-558,
which provided for a reliable and sensitive variation of thrust during the flight program. The
means chosen to achieve this was by throttling the injector, thereby varying the propellant flow, and -
hence the thrust. An additional feature of the design arose out of the possibility of maintaining both -
the mixture ratio and the hydraulic characteristics of the injector. In this way it was hoped to have
a system of high efficiency which could also be fabricated in a wide range of impulse. The cholce — 30
of this method was facilitated by the fact that the 109-558 used the hole-type injector, which per- )
mitted a simpler solution than would have been possible with spray or other types.

The BMW 109-558 was intended for application in the Hs-117 flak missile, which was to use a . 35
Mach number regulator to maintain a constant air speed. The control was to regulate the thrust
smoothly from 836 1b down to 130 1b. Below that point a thrust of 66 b was maintained by injector s
holes which were not throttled. This design satisfactorily maintained the flight velocity within +3% g
of a Mach number usually quoted as 0.77.9/ ) G

L

Figure 6 (APJ Dwg. No. 051-950-03-00) shows a schematic representation of that portion of .
the Mach number regulator affected by static and dynamic pressures. The small triple piston -
fastened to the bellows' connecting lever acts as a servo pilot valve. Tonka, under pressure, is N
metered by this pilot to the proper side of the main servo piston and forces it to move. This
movement is transmitted by a lever to a gear segment and is transformed into rotary motion. The -
gear segment meshes with pinions on the injector (explained in detail in the injector section of thl;?:
report, 51-0-12C, Vol. IV), and rotates the injector throttle. Depending upon the ram and static  — &
pressures, injector orifices are cut in or out and the proper missile flight velocity is maintained. .8
Such a regulator must not be influenced by altitude variation. The following calculations demon- S
strate that differences in static pressure have no significant effect. 10 o

i
I
=

& L

Mach number is the ratio of the flight velocity to the velocity of sound at that altitude, and ma; _
be expressed by the formula: -

M= (2)  where M = Mach number
v = flight velocity (ft/sec)

o
4
=

c velocity of sound at the same .
altitude (ft/sec) .
=u,

8/ APJI No. F 13-91. ) g

£3

% APJ No. F 5-41. , - g

10/ APJ No. F 5-41, ’ | i B P
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The adiabatic head, or the pressure drop in an adiabatic expansion process, in feet of gas, may:'
be expressed as

‘ K Py £l 1 (3)
o = v — k —
A fa Ha.d RT & -1 [ ( Pl )
where
A H,q = change in adiabatic head (ft)
during the process Pl—¢- P2
R = specific gas constant
C
k = ratio of specific heats = (—:B
v
T = temperature of gas (°F abs)
_. P2 =  total pressure at the end of
iy the process = ptot (psi) o
P, = static pressure at the beginning '
f the process = P (psi)
o stat -
The flight velocity may be expressed by the formula .
v -v 2g AHgy (4) where v = flight velocity (ft/sec)
o g = acceleratig f due to gravity = ’
32.2 ft/sec ‘

and the velocity of sound as

c=\/kgRT (5) ‘

If equation (3) is substituted in equation (4), the resulting value of v divided by equation (5) and
substituted for v/c in equation (2), we get

, \/2’,?7-‘(“—5'-).[(%::7_)_!‘“‘_1_1] —

= : =55

2 I:( Pror )"‘T-L_ {
k-1 Psnr ()
b= av1-06008
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If equation (6) is solved for B> ,

ﬂiL vlhlldl-o.ﬂnll-u
therein: stat’ )

’ !
SREESEUE SN §

=1‘+[-(-_?L"'.(1.4-1)]

3 ( _EL°L) La-!
Psyat

( _M)"“ = 11185

Psrar

o Pror 499
Psrar

By proper proportioning of the lever arms and the balancing piston springs, as shown on
reference drawing, and by making a summation of the forces, one obtains:

(Z Vertical) Pgtat * Piot = PF (n

(Z Moment) 1 (P .) = 1.47 P, (8)
If the Pp spring is loaded to 1.1 Ib, this value substituted in equation (7), and equations (7) and
(8) solved simultaneously,

1.479 ptOt + ptOt = l.l

or

1.1
tot 2.4

0
"

= 04410

3

and

Potat = 0.66 1b

Identical three-convolution bellows are used to record both the static pressure and the total

static plus dynamic pressures. To maintain equilibrium in the "at rest" condition, the P bello

is then preloaded to 0.86 Ib and the P,_ to 0.44 Ib, according to the above calculations. °

It is necessary to calculate the maximum bellows travel in order to complete the detail donign
of the regulator. This may be done as follows, by assuming a 0.00787-in. bellows deflection per
‘ convolution per 100 mm Hg pressure differential, and by using the German technical value for sea |~

level pressure of 736 mm Hg. The static pressure difference between sea level and 32,800 ft
(maximum flight altitude) is then equal to 562 mm Hg.
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For static preésure: | ' -

8. . = sez(-"#f'%'-'o?—"-)a = 0.1328 in.

stat

..l"rom equation (8):
8y,¢ = (1.479) (0.1328) = 0.196 in.

' To show that the regulator depends solely upon dynamic pressure and is relatively uninflu-
-smced by static pressure changes with altitude, an allowable variation in M of +2% was assumed.
| Bquation No. (6) was solved for the high and low limits of M, and the value of the ratio P, /Py, .,

was found to vary from 1.502 to 1.459. It is then evident that ptot may range between two limits
for every value of Pytat) and this deviation is reflected in a deflection of the metering piston PF. {
However, if both values of Py, are calculated for various values of Pgtatr from sea level to

" 40,0& ft, the difference, or AP, is only 35 mm Hg at sea level, and decreases to 10 mm Hg at . ;-'"
! a, ft. yom o (R

The former results in a bellows travel of 35 (wl'io":—") 3 = 0.00826 in., and a metering piston —
deflection of only 0.00826 (T:ﬂ—) = 0.00334 in. This is of no importance to the operation of the — -'-'

—

' servo piston and the rotation of the injector head. i

[

(R

Neither the construction nor the operation of the servo piston were located in any of the” - &
screened documents. Therefore, in view of -the lack of information to the contrary, it may be as- ',
sumed to be a conventional, high <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>