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T'ALE 'C SDMB&IS

Genersl

p = fluid (gnuge) pressure - Ibs./ins2

F n force - lbs.

M! a moment - ibs. ft.

or Mach number

U velocity ft./soc.

e angle a deflectingj member makes with the normal axis

"0 = o nglc the reaction of a deflected Jet makes with the
ncrztl nxis

t = nozzle assembly type

or tin - sees.

m mass flcw? rate - lbs•/soc.

T = tcnporature - K or 0C

A = cross scctionnl oron - f.

Y = ratio o:V specific heots

s = extension tube length - ins.

Suffixes

o refers t7 rcservoir

c refers tz: nozzle exit-conditions

t refers t: nozzle throat conditions

s refers tc sidc thrust

D refers t'Ž direct tlrust

c rcfers to control force

r•or rs to nozzle typsn' and b

R refers to resultant
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Statistical Symbols

Snnll letters a, b, e etc. - tests c results of tests nt the
different levels of the various
factors

Suffies, o, 1. 2 etc. - levels of the factors

Capital letters, A, B, C etc. - factors or effects of factors

Round brackets, C ) - mean effects, or Operators

Square brackets [ I - total effects

Note for brevity, (A 0BoC4) will be denoted by (Cj) etc.

y = degrees of froedcm (&4)

d = divisor

F = variance ratio

t = Student's ratio

S= std. deviation of porAlntionr

s = std. dcvintitn of sample

= sum Cf

Bar, = mnean of

V( ) = crrcr vnriance of

n = number of cbservv.tions

= crthogconal polynomial, El C2 etc. El (0) C2(3) etc-

(Standard Error )
v = coefficient of va.riation - (Icnn-- bservoti cn %
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SUt.QARY

1.* Air at 400 to 19000 lbs./ins? has boon discharged through a modal
nozzle of -" throat to produce a jet of Mach nwabar approximately
3.0. Provision has been rardc to record the direct reaction,
latoerl thrust and control moment associated with the deflection
of this supersonic air jot,

2. A 'tubular extension' methocd of Jet deflection (see fig.5)
hs bean, invstVatc over ý = d .S. of o~it' - . jalheern-

tuba lengths up to approximately 4 x nozzle throat dinztor and
inclined up to 200 from the normal axis. Two typos have been
investigated.

3. The system is found to produce stable and reproducible lateral
thrusts by a mechanism which is explainod and illustrated by
shadowgraphs. Judged by the magnitude of the forces, the method
is superior to any knovm method of deflection so far reported.

4. Lateral thrusts of as much ns 50% of the direct thrust may be
obtained and control moments of the order of 8 lbs. ft. per
100 lbs. lateral thrust arc found to be necessary. Most of the
data arc si=rnrisod in figures 20 to 26.

5. Ignoring the many non-linear relatiaishipa oaid considering
grand nverage values, the informntion con be suwmmrised as
follcos:-

FORCES

par degree deflection

per 100 lbs. direct thrust

Deflecting Side Thrust, Control Moment,

Tube Length, S. Fs lbs. 2o lbs. ft.

(little difference (type b about

be:tccn typcs.) 15% less.)

3.75x throat diam. 2.42 0.16

2.50x " 2.53 0.15

1.25x " 1.95 0.08

The direct thrust is reduced by about -j per degree deflection.

6, The longer tube lengths incline the resultant line of thrust by
about 50 more then the tube angle.

7. The optimum tube length for nczximum side thrust is found tc lie
well within the range studied rnd averages about 2.7 x the
throat dinmetcr.

8. The various forcer measured viry ablmost linearly with air
reservoir presiure,
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9. Hithortc, experiments in this field hove bt)cn of nn nd hoc nnturc.
However, the oxpcrimznts reportcd hcrc nrc intended te constitute a
systematic survey of V section of the subject and. wcre thus plunned
and the re sult s analysed according to sound sthtistionl principle s.(Ref.5)
The obaervations of each test carriod out are stated and the full
annlysis of all the indenondant vnrirbles arc given. As a result, the
precision and relinbility cf the dnto found hias been ascertnined. The
infzrmaticn is presented in the form of equations (and graphs and data
derived from these) which are usuful f:!r design purposes -sawell as
in the form of compnrative effects of variobles useful for research.
A onsidernblu inrtriity Cf the aC ult- 4%- •e ,m,4,n•an n.-ns4,Rnrr

has boon revealed nnd thus the thor-ugh design and analysis have been
well justified.



PAM 7.

As n result of diffioulties experienced in the dovelopzint of
high angle launch aircraft and rocket propulsion in general, this
lnboratory has undertnkcn tc investigate the forces involved and the
affects producel when supersznic gas Jets are deflected in various
ways,

Little data are availnble on this twoipic and so apparatus and
experimental methods have been developed which vdll allow many
different methods of jet deflection to be studied. The tubular
extensica nuthecd of deflection, which is the subject of this report,
developed from n pnir of ddlevn

Early investigations (Rof,4)_convinced the oxparimenters that
paddle vanes should be curved to follow the Jet contour and this
opinicn led to the considoration of the limiting case where the curnd
vanes moat to form an envelope nround the jot, cut of which arose
this present Invustigaticn. This development is discussed in Part I
of this series (Ref.1).

Apart from its practical utility, this method lends itself
admirably to pilot experiments which may be directed towards the
dovalopent of n suitable form cf oxparimontation.
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THE AdIVATUS

This is illustrated diogranmtically in Pig.1 and in more detail in
Fig.2.

. reservoir of 8 ft.3 capocity could be filled with clean and fairly
dry air compressed up tc 120 atmosphcers pressure (1,76o lbs./ins.2) and
this rapidly discharged via a naar-frioticnloss right-angled pivot Mnd c'
direct reacti-m bnlance, through a, j" model nozzle. Defleotion of the-jet
tends to rotate tho system about the pivot but zacl. motion is resisted
hydreulicnlly the pressure thus being proportional to the lateral force,
Direot reaction and control moment are also measured hydraulically, and
these pressures, together with the air reservoir pressure, recorded
photogrdphio olly.

The Pivot Bearing.

This is illustrated in Pig.3. A stout hollow spindle was mounted near
its ends and thereby rigidly secured to a solid base plate. The outer
diameter of the spindle was hardened and lap finished to form a bearing
surface with 3 robust cylinder. This cylinder had an amulor chamber
machined from its interior which connects through radial holes with the
hollow interior of the spindle. A tapped hole from the exterior of the
cylinder communiiatcd with the annular chamber and served as a mounting
for the foot of the direct renotion balanoo. Essential dimensions end
constructional details can be seen in the figure.

The assembly thus constitutes a free pivotting elbow joint. The
components were designed so that they may not distort under a high Intexior
pressure load and the bearing surfaces, as well as having a very small
friction torque, wore finished so that air leakage was negligible.
Totroloum jelly was found to be the most suitable lubricant,

The Direct Reaction Bnlnncc.

This is described in more detail by Coulter (Rof.2) mnd illustrated
in Fig.1 and Fig.2.

A stout metal cylinder 'i' is rigidly mounted rertically (in the pivot
bearing cylinder) and contains a well-fitting piston 'b' having upper and
lewer guides. This piston is drilled axially to form a flow channel and the
upper (hollow) guide rod carries the nozzle. The lower annular chamber 'lo
in the cylinder is oil filled and supports the wcight of the piston and
nozzle. This oil chamber is filled through a simple barrel tap and also
cacmricotcs with a Bourdon tube pressure gauge. The upper guidc rod is
suitably drilled so that air in the flcw channel may freely pass into the
upper annular chamber in the cylindor 'd'. Air pressure equl -to that in
the reservoir thus acts do6da on the upper surface of the piston. The
area of this piston is so designed that this pressure force compensates for
the upward force set up by air pressure acting against the under side of
the guide rod and nozzle shoulder.

In order that the air under pressure may not leak into the oil
chamber, long leakage paths are employed rnd blood holes, 'a' open to the
atmosphere.

Castor oil was found to be a suitable lubricant and hydraulic medium.

The Hydroulic Systoms.

Those which wore used to record control monent and latoral thrust
are illustrated by Pig.4.

Mttal bellows enveloped a well fitting piston and cylinder pair
(Diesel fuel injection pump inserts) which acted as a locating device*
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The bellows isolated the interiot:ýtidh could thus be entirely filled with
oil. A Bourdon tube gauge recorded the interior pressure and the upper
part of the bellows supported the appropriate levor arm via a ball rcs.
Movement under 7oad was considered negligible.

The Nozzle and Deflecting Assembly.
The nozzles were made of brass, important dimensions are given in

Fig.5 and flow characteristics are shorn in Appendix 1. The interiors vmre
very well finished and accurately gauged. They ware rigidly attached to the
upper pert of the direct reaction balance by a steel body which had provisiom
for holding the deflecting device.

The deflecting members wore mounted above the nozzle in ball races and
carried a rigid lever arm to bear ngainst the hydraulic bellows. Suitable
scales were mounted to indicate the position of the deflector accurately.

Fig.5 illustrates the design employed for the two types of tubular
deflectors which were used. The dosign of a swivclling extension presents
many problems of detail and a number of slightly different schemes were
considered. Type 'b' was chosen as the simplest possible construction and
typo 'a' as a simple and obvious modification. The study of two types was
intended to determine whether such arbitrary features of design had a
marked influence on performance.

THJ T3CHNIOUE P EHXPXRIMENTATION

The discharge of a volume of air through the nozzle and a record of
the gouge readings constitutes what is referrod to as a 'test'.

Preparation for n t~st involved charging the reservoir to the required
pressure (generally 120 ata,.), loading -ad setting the camera, adjusting the
deflecting member to the required position and flushing and filling the
direct reaction baltnce oil annulus. Zero readings of the gouges and the
air reservoir tomporature were noted.

An assistant operator opened the air valve quickly and steadily and
photogmrphs were taken as required by. oporating nn electric push button
controlling the camera. Photos were generally taken at 100 lbs./ins. 2

intervals of air reservoir pressure beginning at 1000 lbs./ins. 2 and ending
at 400 lbs./ins. 2 This selection. s at the judgcnment of the cannera operator.

Readingsa were taken direct from photogruphic negatives and at the sow
* time the deflection setting was checked. Plate 6 is a sample recording,

The gauges record the hydraulic and air reservoir pressures. The photograph
* shows deflector type 'a' sot at S = 100.

Oil gauge readings wore then plotted against the air pressure
readings for a test as a chuck against groqq :errors in recording and readings
of the oil gauges interpolated, to the pressere level required, whenever the
photograph had not been taken at £mactly the right air preqsuro.

Such figures are regarded as the fundamental observations (as recorded,
for example, in Table 8).

THE TES5T W AND CALIBRATION OF THE APPA RATUS

Testing.

Because cf the short octien tirm of n test (about 10 seconds) and the
steadily changing conditions, it Yms considered a first essential to
establish that the gauges were adequately responsive and stable. All-Bourdon
Tubes woere evacuated and filled with hydraulic oil which effectively damped
any troublesome oscillations, Thc direct reaction gauge ws oil-filled and
is 9 lated from the balance by a diaphragm seal. (Ser Fig.?).
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This was mounted close tc the balance and wms fitted with a bleed screw
on the balance side by means of which the hydraulic system could be flushed
at each filling. In this woy it wns ensured that all air was removed.

By controlling the rate at which the air yalve was opened, the rate
of increase of air pressure could be varied and in this way it -ms shout
that the results were independant of the rate of chan6e of reservoir
pressure (over the range acnsidared).

It was further established that dynamio equilibrium prevailed during
a test by comparing observnticns made with rising and falling reservoir
pressure. These rovoeaed acne small hysteresis but it was very similar to
that observemd during c static n-1l4hwntirrn nnA a'ttribued to friction at the
bearing surfaces. The direct rcaction balance proved particularly
troublesome in this respect until castor oil was used as the hydraulic
medium. The excellent lubricating properties of this oil redined the
hysteresis effect to within tolerable limits.

An extensive experimental programme of some 16 tests (known as
Experiment I) was conducted to verify that reproducible results were
obtained under a variety of operating conditions. As a result of these,
it was established that suitable precision could be obtained especially
if the operating conditions wero standardised. Under these conditions the
direct reaction (the accurate measurement of which had proved the most
difficult) was found to have a standard devintion of ± 3.2 lbs. force
(20 d/F). This is approximately ± 1.5% of the average value recorded.

Calibration.

The direct reaction gauge dnd diaphragm seal assembly was calibrated
on a dead weight tester and reaction calculated from the dimensions of
the balance (See Coulter Rcf.2).

This leads to,

F = 3.14+9 (pD - 10.4) lbs. f L cc

(10.4 lbs./ins. 2 •is tha zero gauge reading due to the
dead weight of the flxitodi part of the apparatus)

It should be noted that this expression ignores the small thrust
generated by the gas acceleration at the foot of the balance. The
correction is only necessary when it is required to calculate absolute
efficiencies. (See Coulter Rcf.2).

The 0 - 1,000 lbs./ins.- air pressure gauge was compred with a sub-
standnr$ (recently checkcd by the makers) and found to read i% high. It
was free of hysteresis and could be conveniently read to ± 3 lbs.Ains. 2

Control moment and side thrust measurcments wore calibrated by
suspending weights from the appropriate levers suitably extended to afford
a convenient mechanical advantage. Calibrations were carried out with
rising and falling loadp, with loading to different maxima and at different
angular settings of the levers. Hysteresis between rising and felling
loading was found and this attributed to friction et the various bearing
surfaces. However, results ,were csnsistant for either mode of loading and
so it was decided to accept those for falling load this being the condition
prevailing during a test.

A regression on the data leads to the following calibration equations,

.201 pc - L .09 (36 d/F) lbs. ft.

S.525 ps - 5.77 .80 (32 4/i) lbs.

(Side thrust, FS is asmaad to act at the nozzle throat and perpendicularly
to the axis of normal flia).
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The extension tube lengths were as follows,

So 5/8" + .003". So = 5/8" .001"

2

S = 5/8" - .008". s2 5/8" a .002"

Measurements were made with a micrometer.

The nozzle throat dimensions were,

t = .5012" diam. 1 .001369 ft? c/s. area.

: .•4995" diam. : *001360 ft? c/s. area.

These were determined both by "go" and "no go" ball gauges and by
a .003" in 5" taper mandrel and micrometar.

The deflection angle was measured on a draughtsman's protractor
mounted on the lever. The angle changed very slightly under load and it
vs estimated that the angle could be set to + 0.30 taking all sources of
variation into acoount.



PAGJ 12.

THE INSION

It is required to measure the direct thrust, FP , the side thrust, P.
and the control moment, 1I.3 produced under various controlled oonditions.
It is planned to vary the air reservoir pressure, p0 , the extension tube
length, a and the tube inolination, e for the two nozzle types, t described
in fig.5.

Of the four controlled variable:, -ir rcscrvofr pressure is unique
because the method of experimentation necessitates observations being made
sequentially. Thus, observations of the three forces for various
comblnotions of the other three indepondcant variables wore planned to form
a factorial experiment i.e. a a factorial arrangement of tests each test
containing a sequence of observations at various reservoir pressures.

The three factors and their levels are,

t - nozzle type, 2 levels.

Type 'a' designated by to

Type 'b' designated by t 1

a - extension length, 3 levels.

5/811 extension dosignated by so

1"9 extension designatod by si

Ij" extension dcsignated by s2

0 - tube inclinntion, 4 levels.

50 designated by 00

100 designated by 01

150 designated by 02

200 designated by 03

The ranges of s and 0 were chosen to include all practical values.

The cntire experiment requires at least 2 x 3 x 4 = 24 tests and
in addition 1/3 replication was iwluded rmaking a programme of (I + 1/3)
24 = 32 tests. Further, a number of blank tests were included for control
and the experiment was ccnfowided into four randamised blocks of 8 tests
each.- Thus, 8 repeats are available for estimates of error and possibly
10 or more high order interactions. Of these, 3 may be confounded.

A test vws planned to contain 7 obseryotions made at 100 lbs./ins?
intervals of Po from 1,000 to 400 lbs./insa By regression the results
of the 7 factorial analyses can be correlated uith pc and the degree of
freedom upon which the various estimates are made acoordingly increased.

The prograze is knom as 'Experint II'.
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ANALYSIShO DA._a

The fundamental observations (as defined an page 9) of Experiment II
are reoorded in Table 8. The hydraulic pressures PD ps and p0  correspond
to the direct thrust, sido thrust and control mmoent

A separate analysis is necessary for each of these three statistics
at each of the seven prossure levels rncking 3 x 7 - 21 analyses in all.
An extension of Yates'-tabulnr method ran employed and a specimen table
is shown in Table 9. The operators of the three factors are shoan in

The 1/3 replication wras affected by repeating the middle level of the
factor S and thereby artificially olevatung it to a 4 level factor. The S
operator shows one oomparison, o which is a measure of error based cn
repeats. The inclusion of this 'dumny' level and the consequent
modification of the operator requires that the mwan effects be corrected
before they can be applied directly to a regression equation.

The corrected mean effects arc denoted by superscript letters S', etc.
and are as follows!-

(so) 3) + (82)

The wnriances thus become,

v (s) s + 1/9 V( 2 )

V V(

V (S') V (S2)2'
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Example.

Table 9 shows that,

cel) m 17.0; % 6) = -1.0 and

tcl A % -A -9% ý 2 •i ; -

Hence, the corrected mean effects become,

( 6) = 1/3 (3 x 17.0 - 1.9) = 16.4

(s8.e1) = 1.0

(s 2 e1 ) = 2/3 (-1.9) = -1.2

and the variances,

V(G) 2 "/9 x 16 ; Corrected divisor for mean = 144

V (SI e) =r 2 /80 ; Corrected divisor for mean = 80

V (S261)= 21360 ; Corrected divisor for mean = 360

These corrections are listed in Table 9.

Henceforth, unless otherwise stated, 'moan effect' will refer to the
corrected effect and the superscript will be dropped.

THE MYtT O' COWOUTIDING

If blooks of tests are biased by constant amounts w, x, y and z (as
indicated in Table 8), tventy three effects will be free of b:as and the
eight confounded effects will be biased as follows:

TOTAL EPFWT AMQJT OF DUBS

[sa 61]8 (-w-x4.y~a}
IS2 elj -x÷=

s[eTe8

[S1 T6e13  - 8 (-w4.x-y4.z)I [eT 623 4. (-w+x~ey-s)

EST Ce2J 4. (-wr~x~y-z)

[82 E3] 16 (-w-x+y+s)
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The eight effects w*hich contaen the term ½o' ore 'pure' expressions
of error based upon repeats and since three of these are confounded, the
presence of block bias may be detected by comparisons amongst these groups.

These tests for confounding shoved control moment and side thrust
to be free of block bins but direct thrust was found to be seriously
confounded. The reason for this was traced to inadequate lubrication of
the upper part of the reaction balance and a consequent deterioration
which only showed itself after tha initial tests of Eperinmnt I.
This was an unexpected and disappointing result but a modification is
expected to overcome this defect in any future work.

Since tests were confoundad in four blcjka, there are only three
independant confounded groups (excepting the moon). Hence, five of the
confounded effects may be 'da-confoundod' if the remaining three effects
used as 'keys' may be assumed to be exp.,esaicms of error and confounding

Inspection of the biased effects set out on page 17 shows what
alternatives are available. eT Ci , oT E2 and S2 C3 were chosen as
'keys' and lead to the following expressions for the 'do-confounded'
effects and their variances,

(s2 e1 ) ( (s2 S2E - 3 Variance = cr 2/28

(SI 6 1 ) = (STf 1)- + (cTC)- wrioace = (r2 /o

(sIT c2 ) = (sjT c)" - (Tc'2)" Variance = V2 /8

(oTe 3 ) = (eTcr3 ) + 1 (eTcl)" Variance = T2/0

(SIT63) = (SIT C3) - -1 (eTC 1) variance = r/1

(The superscript - refers to a ccmfomded effect).

By this process, only three unimportant effects are irretrievably
lost. The logic of these steps calls for further explanations but these
would be outside the scope of this treatment.

Henceforth, where applicable, only effects uhich are free of
confounding, or have been 'do-confounded', will be compared.

THE EST2IATION OF ERROR

A homogeneity test was first made by comparing the high order
interactions with the effects of repeats. If these formed a homogeneous
set of variances, the high order interactions were included in the estimate
of error; otherwise, they were rejected and the error variance based only
on repeats.

A second test was made on the variances accepted from the first test
to ensure that these wore uniform at all air pressure levels.

As a result of these tests, it was found that ntwhigh order
interactions could be included in the estimate of direct thrmst variance
giving 15 degrees cf freedom at each pressure level. The error variance
of control moment and side thrust were restricted to estimates based on
repeats only and this reduced the degrees of freedom to eight at each air
pressure level.
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These vnriances were uso& to test the signftienneo of the vnrious
effects at each air 9prssure level. In order to reduce the complexity of
the results, the 0.11 probability level was adopted in the case of the
control moment and side thrust. This more oiitical level was oiso
considered more suitable for thcse oases where the degrees of freedom F

available for estimates ef error varo rather limited. The 1% probability
level was considered suitable for the direct thrust.

* The significant mean effects found at each pressure level were
correlated with air pressure by means of regression equations, thus treating
air pressure as a compldtoly indopendant variable. The residuals from
those regmessions were first shown to be not significantly different from
th; v;wri anccs obtwa.d s described a'bove. T-hose residuals were tkhen pooled
with this variance to obtain for each statistic an overall estimate of
error based on a large number of degrees of freedom.

The correlated mean affects are tabulated in table 11. The final
pooled variances are sumwrised in table 13.
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TABLE 11

SUIIIRY OF CORRELATED RESULT2S

SIDi THRUST GAUGE PRESSUR

CR ) = -12.1 + .213 po - .000036p2 Std. DEVIATION. :.4..
(12444I)

(S2) 6= .1-.007p P ± .28

(i) =- 8.71 + .0517 Po - .00o0165 p2 .20

(Sl 11 1. .27(siei) = t.o_.7
(S2e1) = .52 - .0 026 8 ppo 13

(e2) = 2.37 - .00715 po ±.44

(S1 C 2 ) = 2.75 - .00821 po+ .60

(S2 c 3 ) = .09 + .0005 Po .13

(T) = 1.9 ±.44

(81 T) = .57 - .0091 po _.6o

(82T) = -1.1 ± .28

(SiT6f) = - 7 .27

(s 2T 62) = .6 ± .28

DIRECT THRUST GQUGE PRESSURE x 10
2

82.3 + 1.007 po - .000165 2o STD. M,)TION 378

(81) = 4.36 - .0306 p•0  1.69

= -3.O - .01 p0o 3.78

CONTROL Mfl]MT GAUGE PRESSURE X 10

Ct) = -35.3 + .299 Po - .0000707 p2 STD. DEVIATION ± 1.03
(640 44F)

(S1) = -.1 + .074- Po 1.37

(52) 1.21 - .0188 po+ .65

(01) -3.57 + o0364 po± .)+6

(S31C) = 1.5 + .0029 po0  .62

(S2 e1 ) = 1.2 - .0072 Po+ .29

(C 2) = 3.83 - .012, Po+ 1.03

( C2)= 8.0 - .0173 Po ± 1.37

(T) 11.1 - .0282 p0o 1.03
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ma" ii corn2E

OOIEJRaJ MOW! GAUGE PRSURM 10

(SIT) U 6,3 - .0387 Po-÷ 1w37

(32 T) = -1.71 -004.79 Po t .65

(T eI) = 2.67 - .00918 po + .46

(SiT.e) = 1.06 - .0078 po +1 62

(8s1T £2) = -5,82 + .0213 po ±- 1.37

(s8T e2) = -1.25 + .00946 p• .65

sjT e3)= -1.3 + .0o66 po± .62

(s 2T e) .11 + .00189 po0 + .29
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THE , SiwV=

PR3SflTATICf T RMSULTS

It should be noted that the figures so ftr quoted refer to the
hydraulic pressures set up by the control moment, side thrust and direct
thrust. They may easily be converted into the desired units by use of
the calibration results given on page 10O

The moan effects which have boon shown to be significant may readily
be combined to form a polyn6mialexpressing the statistic in terms of
s, 0, t and po. This process is described in Appendix II.

So many interactions have proved significant in the case of side
thrust and control momeAt that tho resulting expressions are extremely
cumbersome and hence of little practical utility.

However, the full. regression equation is given for direct thrust (see p2 6 ).

Because of the urwioldy nature of the regression aquations, the 'most
probable' values bf the results are tabulated (table 12) and these also
presented in graphical form (Figs. 20-26).

It must be kept in mind that the czoplexity of the results and the
consequent difficulty of presbntaticn is a reflection of the complexity
of the process investigated. No simplification is possible without
equivalent loss of accuracy and it is felt that this iould only conceal
valid information whilst the accuracy lost would be greater than that lost
by readini values from the graphs.

Precisicn cf thd Results.

On page 18 it wns shomn how the variance =a deriv-ed for each
statistic. These ore the variances of single observations and expressed
in the original units of hydroulic pressure. The variances of the 'most
probable' results are simply derived from these and are listed in table 13.
Those ire .-n .indcx C- I jrcoiaoi u;' tle figures quoted and thus a
measure of the reproducibility of results vith the apparatus used.

For design purposes the fiducial limits may be required. These
indicate the likily range of 'on estimntcd result taking all experimental -
trends into account. This may be calculated from the regression equation
and is illustrated by On example in Appendix II.-

It is seen from table 13 that-for control moment and side thrust,
the experimental variances ore not significantly different from the
calibratitn errors given on page 10. This fact.gives an indication of
the high quality Qf the experimentation.
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MTAE 12

SU1WARY W' 'WT ffiOBALN'I RESULTS

nr'LEIQ 95flJ THRfUST OONTRCL MCSWI
Ts lbs. lo lbs. ft.

p0  400, 600, 800, 1000, 4.00, 600, 800, 1000, lbs/ins
- _ 4-----r-----;.---

5/8 50 a 8.0 11.8 16.0 20.4 -. 23 0 .12 .13

10/8 59 a 13.6 19.0 25.7 32.2 .20 *64+ .95 1.16

15/8 50 a 17.6 25,3 33.5 42.0 .73 1.36 1.87 2.28

5/8 100 a 16.6 27.3 37.0 4.5.4 .10 .51 .80 .97

10/8 10o a 22.7 38.1 52.5 65.7 .81 .1.72 2.53 3.23

15/8 10o a 30.6 48.9 66.1 82.1 1.37 2.75 3.99 5.16

5/8 15c a 23.0 40.3 55.2 67.4 .27 .78 1,18 1.46

10/8 150 a 35.6 60.2 82.2 101.2 1.21 2.71 3.74 4.81

15/8 150 a 40.6 65.5 87.8 107.5 2.25 4.21 6.06 7.81

5/8 200 a 30.3 55.1 75.7 92.6 .45 4.40 2.23 2.9L

10/8 200 a 46.1 77.3 10..2 127.7 2.13 4.03 5.85 7.51

15/8 200 a 50.6 79.2 1M..0 125.0 2.47 4.20 5.85 7.34

5/8 50 b 10.5 16.2 22.3 28.6 -. 14 .11 427 .30

10/8 50 b 16.7 22.6 28.8 35.2 .48 .86 1.12 1.28

15/8 50 b 18.0 23.8 30.2 36.7 .71 1.34 1.88 2.28

5/8 100 b 19.3 31.9 43.5 53.8 .24 .66 .99 1.20

10/8 100 b 28.2 4-3.7 57.9 71.1 1.12 2.04+ 2.73 3.51

15/8 100 b 28.3 44.7 60.0 74.2 1.03 1.92 2.70 3.36

5/8 150 b 27.2 46.3 63.2 77.2 .60 1.35 1.99 2.51

10/8 150 b 41.1 65.7 87.8 107.2 1.87 3.20 4.42 5.52

15/8 150 b 36.8 59.8 80.2 98.2 1.13 1.93 2.63 3.20

5/8 200 b 37.3 63.9 86.4 105.2 .78 1.60 2.30 2.89

10/8 200 b 49.1 80.3 107.2 130.7 2.02 3.38 4.62 5.75

15/8 200 b 46.5 73.3 96.2 115.2 11.87 2.941 3.91 4.75
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sMO(ARY OF 'MST, •CRM&P' ULTSU (amat~mzol

D1IFMTIOT DLDrT TIMRST

1 F%3 lbs.

- I P : 4.00 600 800 1000 lb5./lns. 2

50 I 108.0 166.0 219.5 270.0

10.. I 113.5 169,0 220.5 268.0

150 !114.5 1-66.5 214..0 257.5

200 1 1i1ii5 158,J 201.0 239.0



L

PAGN 25.

TABTIJ21

SWOIRISJ ERROR VARAtESs

1 MS MflVMA2VAJiWiEE 1 VPSNCRfl STAMv&R
I(of c single obseruntion) "Most Prob." DIVITIGI OF

S"- MSULTS "Most Prob."
Origirna Frcl e 'f grcosof fTS

U~nit s jUnits Pracd=n

STATISTIC _ . ...

SIDE 5.68 1.57 f 1214. 1.18 t1.1 lbs.
THRUST

DIRMT 4.12 41.0 119 5.12 t 2.26 lbs.THRUST

JMOWTRL30 L J.0111 ý4 0093 - .096 lbs.ft

x This is the final poclod variance obtrInecl ns a.scusscd on p. 18.

u Since F. a 0.525 ps - 5.77, V(p_) = (.525)2 V

= (.525)2 x 5.68 = 1.57

and similarly for tho other statistics.
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D hZCT THJUST

The very high error variance of the direct thrust observations at
laerst makes for a simple rogression equntiont.

22
D - -31.0 + .35po - .000052p0 2. + 2.758 - .037882

- .000705 PCa0 - .000126 p. e 2  lbs.

This expression is plotted in Pig.24. When0 a 0, the thrust reduces to,

F ~ 0 -3. + .35 P0C .00O0052. p0
2  lbs.

Noglecting the second order term gives tho following lineor relationship,

l -10.8 + .Z77 PC lbf.

If this expression is corrected for the thrust gener-ted by aooletr"tion
in the stand-pipe nt the fact of the roaction balanoo, it beotmos,

P'Jt. -10.8 + .2859 P0  lbs.

This compars very-favourobly'with the muan theorotical undeflected thrust
for the xtn nazzle typos.

FD =.2865 P0  lbs. at To = 300%

This gives a thrust efficiency at 00 doflectimn of 9e..2% at P0 = 700 lbs./ings. 2

The regression equation approximates closely to the knoul boundary conditions
i.e. when PC = 0 nnd e = o.

if the quadratic term in Po is admitted to hnve maning. (it has been proved
to be statistically significant), an cptinuw air pressure may be deduced
as follows:

a- = .35 .o 0 001•oPo - .000705 e - .00012682 o

a Pc

whence, Pc = 3,360 - 6.8 e- 1.2 e2 for m Fx.FD

Thus; with no deflection (. 8 00) the cptimum reservoir pressure is
3,360 lbs./ins.2 and this valo falls slightly with inoreasing angle of
deflection to 3,172 lbs./tns.' at 6 and 2,74. menjsjj 2 at
o = 200.

Hbwever, it must be kept in mind that those figures lio well outside the
Oxperimental range and hence should be aocoptud with oauticm.

The varinoc of PD is much larger than those of the other sthtistios,
as can be soon in table 43. This is not unexpected for reasons given on
page 18 . It must.be omphv Lsod though, that although individual values
for direct thrust have a lctr precision, the regression equation presents
the trw trends i.e. it gives the true qunntitativo dependance of thrust
on deflecting angle and reservoir pmssurS. Better pr•cision may have
rosulted in an additional dopendonce cm length of tube.
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Th daorlved poljncial expressing Fa nso fucmtion of P 8,9 5 e an
t is too complicated to permit of-'n rigorous analytioal acnstdoratcon of the
possible maxima existing. Hoenver, sow simplification is possible.

Inspootion of the gonoral oxprossion'or of the gphsIn PIgs.20a46
shows that thero is no useful mrxiu , n . In proctioc the most likely
problem will bc to find the combination of po , a and t which yield i
=x. Fa ftr 1 given

Since t is not a continuous variable, separate analyses must be
applied to each type. F is linear in pS and so there is no need to transform
the equation from its original units.

For type to' I4ith 6 = 200

s = -32.72 + .3102 P0  + 35.48 a -. 2233 pose
as

Inapection of' this equaticn showts that sensible values of P0 and s ore
non-concomitant-if the derivative is to equal zoro, Htnoc, there is no
useful solution to the problem cf finding the optimmn po : s combination.
Howoorr, if Po is chosen from other cansideraticns, the optimum tube length
is readily determinod.

These conditions arc f£cmd to hold for both typos at all angles.
Optimn valuos of s for vnrious choices of the otlhr variables are
tabulated b9 low.

These values all liu within the range studied and hence their
ruliabiity. can be accuratcly a sscssad.

FOR MAXIIIUM. Fj

TM t a' TYPE 'b'

S 0 20a? 200

Pc = 400 lbs./fis.o2  s 1.28" 1.70- 1.31" 1.56"

po0 = 800 lbs./ins2 1.24" 1.50" 1.18" i.39"

P0 = 1000 lbs./ins. 2  1.23" 1.48" 1.15" 1.36"

P0  = optimum for 1.17" 1.42" 1.02" 1.29"
max., D (see p. 26 )
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This statistic follows a broadly similar pattern to that of side
thrust but the effcet of typo and its interactions aro more predominant
(soe table ti). A similar treatment td that of the proceding section may

be applied to the regression equation for Ma but Inspection shows that
there is no minimum and there appears to be no praotical reason for
determining accurately conditions leoading to a mna:dmn. Approximate values
may bc readily obtained from the grnPhs - Figs.20 - 26.

Considering the practical utility of the information, in any application

involving a permanent predeterminad jet deflection, an apprxiate nalue for

the msaximln force lildy to ooour is all thaz would be required. Since M0

is not linear in 0 and furtherwre has maxila for marn conditions, any
-automatic control of Jet deflection by a system which responds to direction
signals by applying a given control moment would be useless. It. would be
necessary to employ a system which responds by setting the tube to a
required angle. (the system discussed by Friedman, ref.3). Side thrust is
sensibly linear in- e over wide ranges ;vhich simplifies the problem and it
is only necessary to know the pover requirement to overcome the maxis
control moment.

ME~ WRACnICABILflY OF' ASSLE8flr. 1FF Clim

It would be useful to e stimate the thrust efficiency of the nozzle
under various conditions of C eflectim but the high error variance of
individual direct thrust seasurements makes useful estimates of this quantity
impossible.

Another useful efficiency estimate would be a comparison of the vector
sum of side and direct thrust with the direct thrust of an uadeflpcted jet.
(See fig.13.a.).

However, the error variance of this ratio, dependent as It .%s on the
variance of direct thrust, is so grcat that a factorial analysis shows a l
factors to be non-significant. For example, when p0 = 1,000 l1?s./ins.,
the variance of the resultant thrust is 37.6 (see Appendix n:) asd the
overall mean sum of saucros (of deviations from the moan) is onlk34.49 for
this statistic,

This is an unfortunate consequenco of the feature of the. direction
reaction balance mentioned on page 18 and it cannot be overcom by any
analytical technique.

TER LWh G' THRUT C' THE D1FLTED M1~

ThM vector combination of direct and concomitant side thrust enabl'is

the line of resultant thrust action to be estlmted. Lot the angle this
makes to the normal axis be -0 (Soe Pig.13.a.).

An analysis of the -variance of % is made in.Appendix IU and there it
is show, that the coefficient of variation is very small.

Coefficio•t of Variation,

po = 1,000 lbs./sq.in. 1.59% 2.48% .%485%

S400 4.25 5.7% .119%

Thus, in spite of the high variance of P D' may be determined
quite accurately (within the cxpOrimantal range),
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This poramater II bas been eva luatod from the "most probable" values of
F. and 7D at poa 1,00 800% 600 a 'J,00 Lba./sq.in. at alteeei

mental levels. Frau those mats of resfults a factorial analysts ba. been
darried out. This loads to the regression oquation,

N=2.2 a.0035 yo - 5.1a + 3.83s2 -. 4

+ .00058 Po - .61,44s20 *1.-54a 0

+ .02 t- a2.6 at

Note that it Is linear in all terms but S ( t takes the value 0 for type
a and. +1 for type b). It is sot out in graphical form - Pigs. 25 end 26.

Inspection of this 'equation shows that there -in -no optimum pom or-
However, CIO.0

vhon,
5.1 1.54.0

S =for typo a
7.66 -1.230

7.7 1i,54.0
- for typocb

7.66 -1.23 8

826
Note:- - is negative"conly for 0 6.250

a s2
and thus maximn N exists only uhen. 0 > 6.250

At 0 =100 8a'r 2.25" for typecn
- 1.66" " "b

It may be noted that these values are grcater than those required to prodwe
naxinna side thrust (ace page 27).

THE 1SCHANIM OF lFLPMTITc

The mechanism, of deflection by inclined tubular extonsiorms appears to
be a fairly simple- case of momentum change. A series of shadougraphs
have been studied land these, in conjunct ion with the foregoing data, have:
enabled a qualitative description of the- rsehonism of deflection to ~be
formulated.

No new shock;rave patterns of any intensity arc set up by the deflecotr,
The extension appears to act ais a "minunntut guide" and has a "smoothing"
effect upon the jet. Expansion in the conical divergent portion of t~he
nozzle increases the normal momentum burt niso causes a small amount of
tangentiral momentum which cau~ses the jot to continua expending even If it
has reached Atmospheric pressure at the exit plcne. Thus, over-expansion
occurs followed by saw recompre salon (by thu -tmosphere) and the
characteristic shook "X" pattern is set up. This is a periodic phenomenon
and though highly damped by the turbulent botmdcry, a second shack " K" may
often be abnervred (Fig.14, PRato ii).

The tubular extension (when not inclined) prevents over expansion
by tangential momentum and a more parallel jet results. The momentum
change affected by 'the tube sets up a similar shock "XII as before but now
plainly originating from the region of applicantion of the necessary force.
If the jet is not correctly expanded, a wocond shock "IX" will originate
from the exit plane of thc-tube. (Fig.15 and Plato is).
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The growth of a bowidary laoyr in the tube my assist resonptasisn. It
is notable that the "mowntum guidance" imported by a fairly long tube will
servo to keep an undar-expanded jot parallel fot 30271 distance outside
the nozzle before it o.'pTnds completely.

If the tube is inclined, the uppcr port of the Jot will now be
subjected to much more severe "mamentum guidance" and there will be an
Oven MOse intense zonc of r-eoomprecssicn sot up by the upper part of the
deflector. The lower part cf the Jot, becauso of its normal momentum,
will detach from the tulie -all end add to thu re-oomprossicn.

If the tuba is fairly long, the second expansion will be restricted
in one direction by the upper smufaco of the dofloctor and ssymmutrio
expansion will produce a resultant momentum inclined nt a grestcr angle
than the tube valls. (Figw16 nnd Plnto 19).-.

Beyond an optimum tube length, n second recompression may occur.
Expansion after this may result in a more symmotrical Jot-and hence less
diff•r•nco between the angles 0 and 0. Thus, this optimum tube length
corresponds to thot which will produce max. 0 for a given e and, if
officicnoy is 1005,-, to that which will produce max. Fs for the some 0.
If the tube is too short to etuuplotc the first recomprossion, the jet will
not be turned through the full angle 0,

The conical enlargement at the exit of nozzle type 'a' will increaso-
the tangential component of momentum and thus the "duty" that the tube
must perform. This will tend to incrcase the control roment and, In
general, type 'a' was found to have the higher control moment and smaller
side thrust (sec graph Fig.23). Type 'b ', cs expected, vas found to be
more gencerlly efficient.

The formaticn of the ot in the rezzlo dacos not appear to be hindered
in any way by the tubular cxtensipn and so this method of Jot deflection
may be classified as "diversicn" tsee "rcf.i).



0CaLUSIQ(3 AND Qf 0? RISULTF

The "most probable" results, as obtained on pages 23 - 24, are
presented grophio4lly (togqthor with errorr.ogos• in figs. 20 26. They
4pply to an air -et"dtoharged f 2

m A model noiple at a Noah No. of ob6ut

SSide -thrust As fowiA to inoroase fairly regularjly with inorpaslng
inclination of the extension tube and vYth resnrvoir pressure, but the details
of this variation are rather complex. Thu two- types yield diffqrent rpultA
:In detiail though thay behave In a broadly aimilar mamer. At higher
deflection angles, optima tyubo, longth& lead to maxi• a side thrust. The
manimum side thrust rodwed ,ws-about- 5O of the dirdot thrust and the
smallest value recorded wfl n6ar 1Cr.

The ditdet thrust appeared to be not seriously reduced when the Jet was
deflected. The high error variance of this statistic makes efficiency
assessments impossible but depdndence upon tube inclination and reserefir'
pressure hna been established, .

Control moment varies fairly regularly with angle of Inqlinction and.
reservoir pressure though oven more complex in de tail than side thruwt.
Variation with tube length dnd type is both czplex -ad irregular. The
maximm moment reccrded was less than 8 lbs. ft. Most of the results were
found to be less than 4 lbs. ft. In rough figures, tho work needed to turn
the mid-sized tua from 0 .- 200 at 800, lbs./sq.in. reservoir pressure ams.
1 ft. lb.

The differences due to type were smaller than those caused by other
factors. The two typos required particu.sxrly different control moment
especially at the upper limits isf the flctors. In general, type "b"
produced the greater side thrust nnd required the smaller control moment.

The inclination of the line of thrust was found toViiaY linearly with
tube inclination and air pressure, though the latter variation was very snsll.
Typo had little effect on this but tube length ocournd as a quadratic effect.
These arc convenient results from the point of view of application. Except
when short tube lengths wevre used, the resultant line of thrust was turned
through a greaotcr mnglc than the tube inclination. Graphs Figs. 25 - 26 set
out these results.

Analysis of the observations results in optimum tube lengths which may
be C chosen depending upon ihcther it is required to produce maxIma side
thrust for u given inclination or nmaximum inclination of the line of thrust.
These optimum lengths r.re of the order of three times the nozzle throat
diameter.

The optimum tube lengths produce a side thrust of about 8 times the
average value produced by' r vane set at the same angle. The borrespnding
control moment is about 3 times that required for a vane. (see ref. i).

The shorter tube lengths (which may in practice be more desirable)
produce about 5 times the side thrust of a vane at the same angular settinrg
and require a similar ccutrol moment.

Provided that other requirements are met (weight, corrosion resistance
etc.), the tubular extensicn method provides a reliable meang of deflecting
supersonic Jets which, on the laboratory scale, flppearu to be muh more
efficient than any other method sc far reported.
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CALCULATION OF THE LtW CH&RACTLRI3STICS OF NOZZLI 'b'

If it is assumed that air behaves as a perfeot gas,? = 1 .4 an& *at
it expa.ds adiabatically, the conditions of flow within the nozzle can he
estimated.

For an iden! nozzle oI 4- f inm3 thront dachanroin air to atmosphore.

from a reservoir at TO = 3000 K (an average value), mass flow rate,

r= .00049 Po lbs./sec.

Throat Velocity (sonic), Ut = 1,040 ft./sec.

For nozzle type 'b',

Me = 2.81

ue = 2,000 ft./sec.

Thrust, M Ue
FD =

g

.279 po

H.P. .564. PO

Design pressure = 400 lbs./ins.2

The data for nozzle typ6 'a* are 'srnilr birt it is necessary to
makc assumptions about the point of dotachment before they can be
calculated.



SCA2OLATION CP PI=CTAL LDTS

Supose. nozzle typo 'a' haj been chosen to operate at a reservoir
pressure, p0 of 1,000.lbs./inh.' and it is required to deterzmne the
maximum side thrust which may be obtained at a 200 deflection angle. on
page 57 it is shown that the optimum extension length for these conditions
is 1.48". From table 11, the man effects for po a 1,000 lbs./ins.? can
be evaluated and the regression squation expressing p8 in terms of a, 8
and t may then be built up.

Thus,

Pe z (S + (sl)Fi)C (a) .(SO 2)~ +( 1 ;o, I

1 (se I) (0)1(a) + atc.

where the polynomials in s, 0 and t are given by,

* < (s) 1/5 (8s-10) 4 (s) = 1/25 (192s2 480s + 250)

, 02

C1 ( 2) =25 (0 - 12.5) 25" e + 5
0 3 102

• (0) = 10 / 3 (S.-. + 3.340 - 10.5)

(' t) 2 (t-½)

(see Fisher and Yatest 'Statisticol Tables')

In the exonple,

ps = 157.3 + 22.6 x .36 + 6.8& x 1.6 + 26.5 x 3.0

+ 1.0 x .36 x 3.0 . etc.

= 260.76 lbs./inri. 2

From the calibration equarticn of pnge 10,

S ps = .525 x 260.76 - 5.77 = 131.2 lbs. force

The fiducial limits are givvn by,

v(* - () + .362V(cS) 4. 1.6 2 v(S,) + etc.

=~4 1i 36 ±.62 + etc.
U ( ad62 22

= .3980 x 5,68 = 2,26

therefore, V(.,) = .5252 x 2.26 % .622 .788

Thus, the stondard orror *of F. n ± .788 + .8

and the required rosult is Fs = 131.2 t .8 (OX2, d/f) lbs. force.I_- -
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THE VARIJANCE OF THE RESULTANT THRUST, PR

PR + a - nd if F. nnd P.8 arc independent quantities,

V-pR) = (pi) +. V2'C.

Now, from table 13,

V(PD) 41.0 and V(,,) 1.57 I
Taking meon values for Fs and FD at various pressure levels,

@ po 1,000 lbs./sq.in., V(,p) = 37.6

* R M 269.5 6.13, v = 2.28W.

0 Po = 400 lbs./sq.ln. V(F) = 38.5

F FR = 115.4 ± 6 .2Pk v 5.4-z

THE VARIA.NE OF THE RESULTA.NT FZFLETICK, ,

0= Tan-1 FFD mid if Fn and Ps ore independent quantities,

V(0 = ý+ (p). * - V (p)

Taking mean values and the knomwn variances as before.

@ po 1,000 lbs./sq.in., V( 0 ) = .000068

"g p 17.00 + .00824, v .%6

@ Pa = 400 lbas./q.in., V(c) a .000309

U .80 t° .0176, v 0.1195.
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