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SUMMARY

This report briefly describes salient results obtained during
commi ssioning of the stagnation pressure control systemof the N P.L.
15 4n x 10 in (38.1 cmx 25.4 cn bdblowdown W nd tunnel. The very
different problens of |ow and high Mach number operation are examined,
and the representation of the various flow processes in a manner

suitable for an analogue conputer is discussed.

*Repl aces NPL Aero Report 1215= A R C. 28 527.
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1. Introduction

The control systemfor a supersonic blowdown wand tunnel has to
performtwo distinet (in some ways conflicting) functions. [t must:-

a) speedily attain the desired test conditions SO as tO0 minimise
loss of run time (and reduce the intensity of starting |oads imposed
on nodels in the test section).

b) maintain these conditions as accurately as possible for the

duration of the test, avoiding both excessive errors and excessive
rates of change of error.

Since t he condations i N t he working-section ar e uniquely related to
the conditions in the settling-chamber and respond to changes in the latter
with negligible lag (transit tines being normally of the order of a few
milliseconds), the control function reduces to control of settling-chanber
conditions, This note is concerned primarily with control of stagnation
pressure. The inlet air to the tunnel 1s heated in a pebbl e-bed storage
heat er. The relationship between inlet air tenperature and test-section
stagnation tenperature as conplex?, but 1t will be shown that good
stagnation-pressure control implies a small rate of change of the bulk
tenperature of the air an the settling-chamber once the initial pressure
transients have ceased.

2, The control systemof the NP.L. 15in x 10in tunnel

2.1 Background

The control system of the NP.L. 15 an x 10in (38.1cn x
25.4 cm tunnel 1s shown in schematic formas Fag 1. Thaistunnel

draws air from 38,000 pt3 (10?61;13) of conmpressed-air storage at a
maxamum pressure of 365 psia (2.52 MN/m2) and exhausts either to
a 36,000 ft3 (4020m3) vacuum sphere or to atnosphere*.  For the
purposes of this note it may be taken that during operation at
test section Mach numbers (M) of 2 or 3 the tunnel 1s di scharged
to atnosphere so that the run tine as limted by the compressed-
air storage capacity. Conversely at M = 5o0r M =7 the
tunnel is discharged to the vacuum sphere, whose capaecity i S then
the factor limiting the run tine.

The maxamum Stagnation pressure in the settling chanber is
225 psia(l.55 My/m?).

The tunnel 1s of fairly conventional design but two features
are worth note in this context. Firstly, the maximum Steady
mass-flow rate through the nozzle 1s 250 tines the minimum; and,
secondly, the settling chamber is large 1n conparison to nornal
practice for M = 5and M = 7 operation, Both features are
consequences of the wide Mach nunber and Reynolds nunber ranges
of this tunnel. The mass flow range arises directly fromthe
conbination of wde Mich number and Reynolds nunber ranges.

The settlng-chanber size resulted indirectly from the wde Mach
nunber range because conservative design criteraa were adopted to

% These c_a%)g.(}ltles will shortly be augnented to 48,000 £t (1,365m3) and
72,000 £t7 (2,040 m5) of conpressed air and vacuum storage respectively.
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ensure |ow turbulence levels in M = 2 operation. On bal ance, this
advantage has been outweighed by the disadvantages of the large
settling-chanber volunme during operation at M = 7 . These

di sadvantages arise in stagnation pressure control and fromfree
convection af the settling-chanmber 1s notpre-heated (as i1s currently
the case with the 15in x 10 in tunnel). Fol | owi ng ot her recent
experience, it should be possible to elimnate free convection by
straightforward modifications to the system However, in the present
context, the settling-chanber size has nerely served to throw into
sharper focus the normal problens of blowdown tunnel control. Two
distinct set of problens may be distinguished. These are: -

(i) At low Mach nunbers (M = 2 or M = 3) the stagnation
pressure responds very rapidly to changes in control-val ve
setting. On the other hand, the storage air pressure falls
rapi dl'y during the run. The control system nust containuously
increase the opening of the control valve to maintain a
constant mass flowrate, and hence a constant stagnation
pressure

(21) At higher Mach nunbers (M = 5 or M = 7 say) the mass
flow rates through the nozzle are nuch smaller go that any
vol ume between control valve and nozzle throat results in
sluggi sh response of stagnation pressure to changes in control
valve Openi ng. However, the |ow mass flows normally inply
that the storage pressure remains effectively constant
throughout the run.

2.2 The control |oop

The control systemcurrently used (Fig (1)) consists of an
assenbl age of commercially available units.  This applies to the
control valves in the air lines to the tunnel as well as to the
‘systems that control the settings of these valves. One butterfly
valve is located in each of three pipe-lines in parallel through
which air can be admtted to the settling-chanber. These |ines
are of 12 in (30.5 cmy, 5 in (12.7 om), and 2} in (6,35 o)

di aneter. An appropriate size may thus be selected for the flow
rates required for any test. The 1leak rate (mass flow at zero valve
opening) through these valves is approximtely 5% to 10% of the
maxi mum (fully open) flow rate for the same upstream and downstream
pressures., A good overlap between the mass flow ranges avail able
wth indivadual valves is obtained by the valve sizes adopted, and
the required sensitivity in control is provided over the entare

tunnel mass-flow range. Each butterfly valve i s preceded by a
parallel slide gate valve, The gate valves fulfil the rapid

on-of f and the sealing functions, and pernit of pre-setting control

val ves before the run, if so desired. Inportant  additional
advantages accrue from this divorce of the on-off and the control
functions, and their allocation to separate valves. Fairstly,

comercial ly available valves are readily obtainable complete With
actuators and other ancillaries; notably the difficulties of
obt ai ning absol utely reliable edge or face seals for butterfly
valves suitable for use at 365 psia (2.52 M¥Y/m2) and 350°C are

avoi ded. Secondly, the safety interlocks are separated from

the stagnation-pressure control | oop. The cantrol |oop Includes
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only the butterfly valves, while safety interlocks are provided

in the electrical feeds to the gate valve actuators. The latter
can thus remain inviolate and are unaffected by any modifications
to the control |oop. Safety 1s materially improved in this way.

Stagnation pressure is sensed by a differential transducer
(backed off by a trapped volume reference pressure) with g range
of 0 to 25 psi (0 to 0.17 M¥/m?), The electrical signal fromthis
transducer 1s conpared with a set-point signal in a conventional
process control | er whose output is related to the input by the
usual integral, proportional, and differential actions, To avoid
transmssion lags this electrical conmand signal is carried to the
immediate vicinity of the control valves where 1t is converted to
a pneumatac Signal which operates pilot valves whach in turn contro
the position of the actuator of one of the three butterfly control
valves, The signal levels are noted on the diagram together with
t he approxamate - 3dBfrequencies of the transfer functions of each
unat, The controller is normally used in the proporticnal node
only, Rate action has been found to be of lattle effect.while
integral action results in a slow draf't of valve opening prior
to a run (whieh i s 1nitiated by opening a quick-acting gate
valve) givang a large unpredictable difference between set point
and the stagnation pressure at the end of the anitial transient.

Qutline of operating experience at |ow Mach nunbers

3.10pen loop gain and. the effect of falling Storage pressure

The probl ems of low-Mach number operation are essentially ones
of obtaining enough open-loop gain to reduce the stagnation pressure
error to acceptable |evel s while avoiding instability. The
significance of the control system open-loop gain 1s, of course,
bound up with the "steady state" error

The proportional action of the controller neans that under
steady state (d,e,) or low frequency conditions the valve opening
1s linearly related to the difference between demanded (set point)
and actual stagnation pressures. Thas difference can be regarded
as the "steady state" error and it nust be present in order to
produce the valve opening required for any given stagnation pressure.
However, the higher the open-loop gain the smaller is the error
needed to produce a given change in valve opening. The error
can, of course, be set to zero for one particular valve opeming
during each run - by the "manual reset facilities" in the controller
whi ch adgust the control ler output for zero error input. Nevertheless,
since the val ve opening has to increase continuously during a run
at low Mach nunbers (to allow for changes in storage pressure) the
steady-state error has to be allowed to increase continuously and
will only be zero at one instant. But the rate of change will
st111 depend on the open-1oop gain; the higher the gain the
smaller will be the rate of change of stagnation pressure.

The fall in storage pressure also reacts on the open-loop
gain i tself. In considerang this it may first be noted that
the rate of fall of pressure is normally sufficiently small that
the hagh frequency response of elements in the control |oop can be
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negl ect ed. Hence, apart fromthe starting transient, the run
can be considered asa successi on of virtually steady State
conditions, The steady state error, whose dependence upon
t he open-loop gain was outlined above, thus constitutes the

total error. A useful analysis of the uncontrolled blowdown
turmel? has brought out this point with regard to |ag time due
t 0 finite settling-chamber vol une. Storage pressure affects

the open-loop gain through the static gain of the control valve
(mass-flow change per unit change in valve opening) which, as
pointed out by others2 falls as the storage pressure falls.

Thus, the open-loop gain tends to fall throughout the run gaving
rise to an increasing rate of change of stagnation pressure.

Various installations (e. g, those at B.A.C,, Warton, Engl and
and N. L. R, Ansterdam Fblland? have incorporated neans for
modulating the open-100p gain by a subsidiary control system

whi ch 1s used so as to keep the open | 0op gain invariant during

8 run. These methods often necessitate an expensive special

val ve. An alternative approach has been to use an adaptive
control systen? in which the inereasing error is detected and
excessive error increases controller gain (and hence open-I|oop
gain) in a stepwise fashion. Bot h met hods demand non- st andard
el ements an the control |oop

However, in the 15 in x 10 in tunnel it has not been found
necessary to Incorporate such sophisticated devices. Sufficiently
hi gh controller gains can be used to avoid excessive errors
without giving rise to instabilities in the initial (hagh storage
pressure = high loop gain) part of the run.  This I S attributed

to two factors which wall be discussed in turn in the next two
sections.

3.2 Control val ve ¢characteristics

The mass flow per unit open area through the butterfly valves
has been found to be sensibly constant for given upstream conditions,
It has also been found to be proportional to the pressure upstream
of the valve for pressure ratios of upstream pressure to downstream
(stagnation) pressures of as lowas 1.5 to 4, These poants are
wel | brought out in Figs 2 and 3. In Fig 2 the stagnation-pressure/
storage-pressure relation traced out during a nunber of uncontrolled
(constant valve opening) runs is shown. The proportionality of these
quantities can be seen; and their ratio is plotted as a function of
valve opening in Fig 3.  Conparison between this curve and the
(1 - cos 6 ) dependence of wvalve open area on val ve opening confirns

that the valve is, in fact, aoting like a variable area choked
orifice plate¥®.except at low-values of pressure ratio,

Excepting | ow pressure ratios it will be seen that a(PO/ﬁv)/BG

(which is proportional to the valve static gain under these conditions)
I ncreases with decreasing pressure ratio.  Lower pressure ratios
correspond td conditions towards the end of a run so that the valve
non-linearities tend to conpensate for the effect of |ower storage
pressure on the open loop gain.

¥ w1th constant discharge coefficient
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The results presented in Fags 2 and 3 are the nmost convenient
and accurate formof thas type of data that can be obtained during
normal use of the tunnel. However, 1in using only one valve a
unique relationship, i1s amplied, for a given Mach nunber, between
val ve opening and pressure ratio across the val ve. The dependence
of flowrate per unit open area Per unit upstream pressure on
pressure ratio thus tends to obscure the effects of variation of
flowrate with val ve opening at constant pressure ratio.  However,
the analogy with an orifice plate suggests that for PO/pv < 0.528

flowrate i s independent of pressure ratio. It 1s reasonabl e,
therefore, to infer that the (1 - cos 8) dependence of flow rate
(and hence po) on valve opening (8) closely exhibated for

0 ¢ Po/p_ € 0.528 reflects the true dependence of flow rate on

val ve opeging and that the levelling out of the curves of Fag 3
at hagh val ues of Po/'pv represents the effect of pressure ratio,

Confirmation Of this view can be ¢btained fromobservation of the
effects of using the 5 in valve as a "trim" control . With the 12 in
valve set fully open (& = 60°) , openang the 5in valve to 30°results
ina1,5 increment of stagnation pressure. Further opening of the

5in valve to 60° gives an additional 3.5% ancrease in stagnation
pressure (M = 3, constantpv).

3.3 Automatic control in a trim node

Further, the control systemis in fact nornally used to control
the setting of the 5in butterfly valve while the 12 in valve
opening remains fixed at sone preset value chosen so as to pass the
requaired flow rate at the start of the run.  During a | ow Mach
number run, flowis first established by aﬁening the gate valve in
series with the 12 in butterfly valve. en the desired stagnation
pressure has been attained in this way, the gate valve in series With
the 5in butterfly valve 15 opened to bring the autonatic control
into play. The control system then gradually opens up the 5 in
butterfly valve SO as to maintain a constant stagnation Pressure in
the face of a falling storage pressure.

The advantage of this systemlies an the fact that it prevents
any large error saignal being sensed by the control systemat any
time when noverment of the valve under automatic control has an
effect on the mass flow rate into the settling-chanber. If the
main (12 in) valve were controlled darectly, the control systemwould
see the full desired stagnation-pressure as an error signal at the start
of the run. Wath the open-loop gain necessarily high, the system
woul d be marginally stable and hence lightly danped.  The initial
overshoot and subsequent oscillation Of stagnation pressure woul d
take long to die out. The anplitude of the initial overshoot is
of course determned by the damping of the systemand by the error
signal seen by the controller at the time the control |oop 1s
closed (i.e. by opening the gate valve to make the butterfly valve
effective, thus establishing a relationship between flow rate and
butterfly valve opening). Bot h t hese conditions ar e unfavourable
in the case of a single valve passing the total nass-flow. Thus
wel | before actual instability woul d be reached with increasing
control ler gain, the practical 1amit to the use of a single valve
1s reached when the initial transients occupy the whole tunnel run-
tame., This condition was denmonstrated on the tunnel and hence
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confarmed the advantages of using the control systemain the trim
node deseribed above. In this, open-loop gains right up to onset
of instabalaty can be used. Althou%h transients are only lightly
danped the systemis operated in such a way that no |arge perturbations
are inposed upon it. The control |oop 1s closed at a time when
the error in stagnation pressure is small = ideally zero. Thus
only true dynamzc instabalaity inposes a limit On useable open-|oop
gain. I ndeed the system can become unstable at the end of a run
due to the non-linear valve characteristics noted earlier,

| deal |y, instabality shoul d occur just when the valve reaches

the full range of its normal travel (60° open).

The penalty for such sinplicity is, of course, that the 5in
val ve cannot produce as much total area change as the 12 in val ve
While its deficiency of area change per unit valve opening is
easi |y conpensated for by increasing controller gain to keep the
open-loop gain high, such artifice cannot increase the maximum
mass-flow that can be passed by the valve for a given storage

pressure. Thus, during a run, the 5in valve can reach the
fully open posation, control is then [ost, and the experinent
has to be termnated. In practice progress of the experinent

15 merely halted; the 5in line gate valve is closed, the 12 in
butterfly valve reset, the 5in line reopened and the experinent
reconmenced. The whol e process takes about 10 secs, A 40 to
50 sec. tunnel run 1s acconplished without resetting the 12 in
valve and two resettings only are needed for the maxinum (air
storage capacity limted) run of approx, 150secs,

A typical stagnation pressure history at M = 3is given
as Fig 4 together with a histogram showi ng the run-to-run variations
in rate of change of stagnation pressure.

4. per ating experience at high Mach nunbers

At higher Mach nunbers (M =5and ¥ = 7) it is found that the primary
probl em 1s the sluggash response of the stagnation pressure to changes in

val ve openi ng. Changes in stagnation pressure (Po correspond to changes in
stored mass (Mg)and even if the change in pq is small this represents
the mass flow mt integrated over a considerable tine. In fact tests such

as those shown in Figs6 and. 7, where constant valve openings were held
throughout,  show that under these conditions the stagnation pressure rises
in a quasi-exponential fashion with a rise time (to |/e of final valve)
which may exceed the whole run tine (typically 30 to 90 secs), The whole
run is taken up with the starting transient,

Clearly the problemis again one of getting a reasonably good open-Ioop
gain, this time passing air through the-5 1n valve (occasionally the 2t in
valve) only.  The opening of the valve nust jnitially be at g maximumto
fill the settng-chanmber quickly with air so as to inprove the rise tine.

At the right noment, the valve must almost close so as to maintain
my = nt and thus keep the stagnation pressure constant at the desired val ue.
The success that has been attained may be Judged froma conparison of
Fig 7with Fig 8 which shows a typical stagnation-pressure history for
M = 7 operation under automatic control
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The valve non-linearities di scussed earlier Seemto have 1ittle bearing

%? this probl emwhich is instead dominated by two other non-linearities,
These are:-

(i) there is a mxinum mass-flow that can be passed by the valve
for any given storage pressure. Control cannot be achieved unless
the leak rate through the valve is less than the flow rate through

the nozzle at the desired test conditions. This requirenent inposes
a limat on the maximum size of valve that can be used.  This, an
turn, inplies a certain maxamum mass flow through the valve (m)
(when the valve is inits fully open pesition),

(11) negative (reverse) flows are not possible, as Py > p, the
flow nust be towards the tunnel {(indeed it o0an only be reduced to
the level of the |eak rate).

The first condation inposes a limit on the inprovement in rise time
to be obtained froman automatic control system The second neans t hat
severe penalties are paid for any overshoot of stagnation pressure. Thus
1f* stagnation pressure overshoots the desired value the valve termnates
the flow into the settling-chanber; the net outflow is then equal to the
flow rate down the nozzle. As has been noted earlier, this 15 SO smal
as to take a long tune to accomplish any significant change in Stagnation
pressure.  \ilst rise tines can be inproved by increasing the in-flow
there is no way in the conventional tunnel of increasing the outflow beyond
its "natural" val ue,

The long tinme required for the decay of any overshoot of stagnation
pressure means that at high Mach nunbers the optimumcontroller gain 1s
no |onger the maxamum that can be obtained without inducing dynamic Stability.
Very high controller gains result in fast average rates of rise of stagnation
pressure at the start of a run but the narrow proportional band consequent
upon high controller gains results an the valve staying fully open unti

the stagnation pressure has risen alnost exactly to the desired |evel. The
command fromthe controller, to close the valve in order to maintain a
constant stagnation pressure, is thus left till too late. The inevitable

|l ags (due to response times of controller and valve actuator, valve inertia
etc.) result in late closure of the valve and hence large stagnation pressure
over shoot .

On the other hand, too low a controller gain results in premature closure
of the valve before the stagnation pressure has risen sufficiently, The
final approach to the desired stagnation pressure is thus nmade too slowy.

An optinmum controller gain found by experience for M = 7 operation is
that which gives full scale valve opening for a 22.5 psi (0.155 MN/m2) change
in stagnation pressure (d,c. conditions),

Not a great deal of attention need be given to the probl em of maintaining
a steady stagnation pressure once it as achieved under these conditions
The very sluggishness of its response neans that small differences between
flow rates into and out of the settlang chanber do not give rise to trouble-
some rates of change of stagnation pressure.
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5. Use of an anal ogue conputer - (and a simple representation of settling-
chanber  processes)

The "feel" for the basic elements of the problemwas devel oped using
the tunnel in conjunction wath a small anal ogue conputer. This made it
possible to repeat sinulated runs quickly and at repeatable values of p, .
Neather 15 possible on the tunnel itself because it shares its compressed air
storage with other intermittent tunnels. Al the elements of the control
| oop shown in Fag | are easily represented by cenventional linear anal ogue-
computing el ements with the exception of the control valves and the settling-
chanber. The control valve xaass-fl ow/ val ve- openi ng characteristics were
approximated by m, = ¥k, py 6 which could be easily generated by two
anal oguemultaiplaiers, The good correspondence between this fornula and
the true relationship i S shown in Fig 9 where pof , which i S proportional to
n (mV =, when 9%Po/3¢ = 0), is shown as a function of 6 for two val ues

of p, at M =5 . Non-linear, biased-diode €l ements were used t0olimit
8, ¥s noted above, between o <o < 60°.

The settlaing-chamber poses nore difficult problems.  The capacity of
the settling-chanber to store mass, and the outflow of this mass through
the nozzle, 1s broadly analogous to an electrical resistance/capacatance
system in a simple RC Iow—paes netvmrl.g.{, and |eads natura(lalv, to the expressions
for characteristio time Of s/kt = E;RT; (where ki = mt/apo),

Qt her workers(2,4) haye suggested that fLhe correct value for the pneu-

' o B s
mat i ¢ capacitance Cs 1s iy and not AT the latter corresponding

t 0 1sothermal conditions. Theoy have argued $hat smal | changes in Pressure
w1ll be acconplished in an adiabatac fashion and have proceeded to use the
1sentropic relationship (po/poY ) = constant. However, even an the

adiabatic case, the process will not be isentropic since the incoming air
w1ll mix With the air already present in the settling-chamber which may
wel | be at a dafferent tenperature. Thais mixing creates entropy. The
present authors believe that the assunption of isothermzl conditions 1s the
correct procedure on two grounds: -

(1) Any heat transfer fromfluid to walls will cause the situation
to nove towards the isothermal rather than the agisbatic case.

(ii) In the case of smell pressure changes, the thermal capacity
of the air initially present in the settling-chamber wll enable it to
absorb any excess energy due to the incomingair being at & higher
tenperature. The fact that changes in p, are small results in
isentropy only when the changes are vanishingly small. and then the
process W ll be isothermal as well as isentropic.

The present authors also maintain that this sinple representation
of the settling-ohamber as a sinple linear "lowpass filter" can be used
for pressure changes of many times the initial level (including the whole
stagnation pressure history of a typical run). To do thia the tenperature
at which ¢, is evaluated nmust be that corresponding to the higher
pressure |evel.

The noat severe test of such a proposition is provided by a step
change in flow rate through the valve. This effectively occurs et the
stat of @ run at constant valve opening or at the end of any run.
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Fig 10 shows the decay of stagnation pressure after flow 1nto the
settling-chamber Was terminated to end a ¥ = 5run.  The near -
exponential decay can be clearly seen and the good agreenent between
results fromtunnel and anal ogue conputer 1g apparent.

This is, as just mentioned, the nost severe test that can be devised
for theproposition, The stagnation tenperature falls during the decay
of stagnation pressure and this 1s reflected in the increasing rate of
decay at lower pressure (long elapse tine). However, the apparently
| arge disparity at (Po/p f) » 0.8 corresponds, an fact, to a difference

o)

bet ween anal ogue conmputer and wind tunnel of approx Latmin a fall of
approx 10 atmain pressure.

Better results are obtained in analysing the start of a run (Fig (12)).
Here, under nore favourable circumstances, the agreenent is excellent.
This latter case is the one of nost practical interest.

~The long time constants, of course, preclude the use of an actual
RC filter but an active systemwth the same transfer function i s easily
constructed in the usual way.

To examine the reasons for this result, and to add further confarmation,
a sumple digital conputer programme Was witten. This perfornms numeracally
the integrations necessary to solve the conplete set of exact equations
describing nozzle mass-flow rate, and the ¢onservation of mass and energy.
This calculation can include heat transfer to the settling-chanber walls.
It is, however, non-exact in that it does not represent the true conditions
of extensive free convection effects under such conditions but rather uses
a bul k-average stagnation tenperature.

F1g 11 conpares anal ogue conputer, digital conputer, and neasured
stagnation pressure histories for a run at ¥ = 7with a constant valve
openi ng*. Figs 12a and 12b show digital computer results for typical
values of settling chanber volume and Mach nunber. The response to step
changes in flow rate for dafferent initial pressures and different heat-
transfer rates are shown. As postulated earlier, the variations in
tenperature are nuch less than the w de excursions inplied by the isentropic
relationships and virtually steady tenperatures seemto be reached nuch
mor e quickly than steady pressures.

A good exanple of the application of the analogue conputer is
Illustrated in Fig 8.  This shows the time between first maximum and
first mninmum of stagnation pressure during initial transients of M = 5
operations. The nmarked dependence of this time, an important contribution
to the total time needed to atfain steady conditions, on the extent of the
initial stagnation pressure overshoot is clearly shown. Also evident is
the good correlation between analogue conputer and wnd tunnel results.

The anal ogue conputer runs shown here were, in fact, performed before
attenpting use of automatic control at high Mach numbers. The under-
standing thus gained reduced considerably the number of tunnel runs needed
to fand good control | er settings.

—— —— - - - —— . e s P T e M S

% The digital computer result includes estimated heat transfer effects.



Conclusions

(2) Control problems have been found to fall sharply into
two categories

(a) At |ow Mach numbers the stagnation pressure responds
qui ckly to changes in valve opening but the storage aar
pressure falls rapadly and the control system nust
continuously adjust valve opening to maintain a constant
stagnation pressure. The highest stable open | oop gain
1s the best and use of the automatically controlied val ve

ina "trimnode" has been found to be a useful expedient,

(b) At high Mach nunbers the problem 1s one of getting
the stagnation pressure onto the desired val ve quickly

despite its very slug?ish response to valve opening.

An intermediate Open [ o0op gain was found to be optinmm

(1i) The mass flow stagnation pressure transfer function of the
settling-chamber could be represented as a sinple time lag (low

pass RC filter) Over the whole range of stagnation pressure provided
that the pneumatic capacitance was evaluated for isothermal conditions
at an appropriate bulk air tenperature (equal to the inlet air
tenperature for adiabatic conditions).

(ii1) The sinple classical approach to calculation of response,
stability, etc. through the use of linear differential equations
to nodel the system was inadequate. Non-linearities due to the
finite limats of valve travel and the non-linear val ve angl e/ open
area relationship are inportant.

(iv) A simple analogue conputer proved to be an invaluable aid to
understanding the essential features of the problens.

PGG/KB
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APPENDIX

This append-ix sets out a number of relations pertinent to the
discussion of the main body of the paper. These are intended to suppl enent
the main descriptive approach and to illustrate the approxi mations used in
setting up the sinple analogus conputer.

(a) Basic Equations

1. Flow through the control valve

m, = kv*.pv.f'(9).f"('fv.).f"'(pv/po) if gate valve is open

m, = 0 if gate valve is shut

kv* includes effect ofvalve size and discharge coefficient.

For a butterfly valve k _*.f(€) is propartional to k *.(1-cos 8)}
or to a close approximation through the working range (0 < 6 ¢ 60°)

* = a
k, £1(0) X 8
For all but the |owest pressure ratios

o (o /o) = 1

As upstreamtenperature is nornmally constant throughout each run
£(7,) can be combined with k,

Taken to0gether thsse approxi mations give

— 2
m, = Kv.pv.e

2. Flow through nozzle throat

As sonic conditions exist at the throat for the vast nmgjority of a run
g = kt*-Pof"(To)
Ifitis assumed that conditions in the settling chanber may be taken

as isothermal (assumng a proper choice of To) then this tenperature may be
conbined with the effects of the throat area in the constant kt giving

By = kt'po

3. Mass of air in the settling chanber

b= 9ol

B PoeVy/ReT,

or for isothermal conditions

o= Cyepg

Where CS the pneumatic capacitance (= dﬁ/ﬁpo) = VS/R.TO
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[Note that if it is erroneously assuned that the isentropic relation

Pg = C.p¥ held true, then the pneumatic capacitance cu be evaluated by
considering a small change dp in stagnation pressure resulting in a small
dM in mass stored

d.M/M = d‘PO/PO = dpo/'ypo

SO t hat CS - d_M/d_po = M/ypo = VS/RQTOOYO

This is, however, anincorrect assumption]

There is, of course, no fundanental difficulty in accounting for a
variable stagnation tenperature (To) through the use of the conservation of
energy principle but the solution of these more conplex equations is best done

nurerical ly.
To do this k.*, k* and C,* are defined in the same vays as

Ky, KV’ Cg but for Ty = 273.2°K,  Then following the usual theories far
flow through an orifice

* 273.,2
my = k‘t Z2l3:2

Tg

m, = Kypp (1 = cose)J?- 22
TV

o 212 -
M—Cs-pou—-T—o—

The correspondi ng energy equations args-

o =vm % G

l'v = ym, '.'l.‘v Cv
lstore = CyeMeT,

to which nust be added the heat transferred to the settling chanber
wal |'s (tenp. Ty)

'1oss = (Tq = Ty)

Conservation of energy requires that
aTy
C M <Tt—) = Yo [mvTv - mtTo:l - h(To - Ty)

aT _
Near the end of the run oy = , and ETQ =0

change
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SO that:-
yCV mT [Tv B To]

Thus

h(TO - TW)

o = O

_ (yCv my Tv + hTw)
(h + Y0y mv)

This equilibriumtenperature is approached quickly, as noted in the
nor mal | y

mai n body of the text, so that the earlier,

sinple, "isothermal" equations

give satisfactory accurasy , provided that the ooeffioients ky and C are

evaluated at this "fingl" value of stagnation tenperature of
can be conputed from the above equation if the heat traﬂsfer factor his

Top
knowm, Unless h is extrenely Iarge,
tunnel at M = 7, then T

(T T

as is the case for the NPL 15 in.

nmay be taken as equal to Ty with little errar

since the response tinme of the settling chamber varies only slowly with To .

(b) Basic Control Characteristics

In this section the s
derive the fundanental features
body of the text.

1. Low Mach nunber operation
Conservation of mss requires that
- - A
A SR
2 d

During | ow Mach nunber operation

transi ent has decayed so that

2
kV pV BV

%?f is small after the initial

kg Po

and, as all quantities are changing slowy, terns in Q;g in the feedback
| oop transfer funotion My be neglected so that the action of the controller may

be witten gg:~

6 =4+ B(py, = 2y)

i.e., kV' Pv [-A- + B (PDd = po)]a = k-t po

¥ 10 in.

nplest forms of the basic equations are used to
of the control problemas discussed in the main
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S0 Xy pp A+ kv, B(po, + P){Pog - P} + 2k by 4B(p,,; - By

and if (pOd - Po) = &, <« Po

k, p, A% + 2k p, B3 8p,+ p,+ Zky py 4B fp = ktpo

" o _ 1 [ Ft/py = keh/oo ]
1 Po ZkyB [ A+ B ]

Thus smal | errors are achieved only by the use of high controller gains
(B) and correct choice of offset A, It may also be seen that as the run proceeds
and p. falls the error grows rapidly unless B is large.

Simlar considerations apply toflow through two control valves in
paral | el

2. H gh Mach number operation

The nost inportant consideration in high Mach nunber operation is the
long response time of the stagnation pressure to changes in control valve opening.

Consi der a step change in val ve opening fromﬂv =0to ev = evf
Conservation of mass gives
Cq %Lg = k, P, 02 = k¢ P,
whi ch may be solved to give
Py = Pof("l - gt)
wher e Pop = %E-pv ev;
and T = Gyl
a

Thus, the settling chanber acts like a sinple low pass filter mﬁbp
= C /k
5

transfer gain (apo /amv) of 1/k, and a characteristic time T = £

%, High freuency characteristics of controller in feedback loop

The discussions in Section 1 and 2 above have neglected the high
However, it nust not be thought that

frequency response of the controller.
The high frequency response of the controller/valve actuater/

thisis unimpartant,
control valve conbination determnes the stability of the Conplete system and
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hence the maxi mum yseable gain (B) and. the error Ap . It also directly
influences the anplitude of the first overshoot in stagnation pressure during
the initial transient of a high Mach nunber mn and, as shown in the main bedy
of the text, largely determnes the mninumtine required to attain a stable
stagnatlom pressure.

EM
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