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SUMMARY 

The theories of Kendall and Davis are extended to obtain the 
response time for low pressures wdh slip flow in a compound tube system, 
The theory provides a useful estimate of the response time, even when the 
volume of the measurrng instrument falls to zero, and predxts the correct 
trends for the effects of varying the applied pressure and the tube geomete. 

However, the detail design of a pressure-measuring system r'emams 
dependent on experzmentally-dekmined response times. Comprehensive data 
are therefore presented from the present experiment covering a range of tube 
configurations, incorporating a flush-diaphragm pressure transducer as the 
measwxng mstrument, suitable for the measurement of model pressures in 
high-speed wind tunnels. 

Consderatlon 1s gzven to the special conditions that apply to 
the case III which the tube systems are connected to a pressure-scanning 
switch. 
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The response times in pressure-measuring systems increase as the 
pressures tobe measured decrease and thus become of increasing importance 
in high Mach number wind tunnels. The low test section and model static 
pressures could be raised in principle by increasing the stagnation pressure, 
but this is usually not practicable because of the limitation in tunnel design 
and because of the need to simulate high altitude flight, 

An imrestigation of the response time problan is therefore necessary 
in order to derive the optimum measuring and tubing systems to exploit the 
capabilIties of new wind-tunnel facilities end, in the limit, to ensure that 
the pressure in the measuring instient reaches equilibrium with the orifice 
pressure withm the tunnel operating time. Such an investigation has been 
undertaken with the new wind-tunnel facilities irm the Aerodynamics Division of 
the N.P.L. in mind.* The operatlng conditions of one of these is shown in 
Fig, 1 to provide an example of the typical range of test section static 
pressures and operating times to be encountered; the model static pressures 
can, of course, be even lower than the test section values shown. 

~--'--------------'------'-------------' 
The present investigation covers one aspect of the pressure mea-q snd data 
recording systems on the new N.P.L. high speed wind tunnels. Other aspects 
will be reported in subsequent papers. 
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!Che finite volume of the measuring instrument., the length, the 
diameter and the volme of the connecting tubing, and the small size of the 
model orifice all affect the response time. 

Fig. 2 shows experimental results of the variation of response time 
with instrument volume for various applied pressures and. a fixed tube 
configuration, illustrating that the response time is approtiately proportional 
to the volume and inversely proportional to the measured pressure, The first 
step in reducing the response time is therefore the use of a flush-diaphragm 
transducer, for which the added volume can be very small (about WOO04 cu in.). 

For this reason and because earlier theories appesred to be 
inadequate for systems involving near-sem instrument volumes, emphasis XI the 
present investigation has been placed on the use of a flush-diaphragm pressure 
transducer. 

The most frequent application of the pressure-measuring systems to 
be developed will be to the measurement of pressure distributions on models 
inserted in the test sections of the wind tunnels. The sizes of the models 
used in the N.P.L. tunnels sre necessarily small, so that, at present, it is not 
possible to mount a mdtiplicxty of transducers inside eeoh model.* The model 
pressures must therefore be tubed to transducers situated either in the model 
support housing or external to the tunnel test section, The number of pressure 
tappings and the size and shape of the model &date the possible tube and, 
orifice geometry. The present investigation has therefore covered a range of 
orifice-tube configurations embracing the needs of the various installations. 

In the present report theoretical methods of predicting response 
times have been extended to ICGV pressures and to the case of measuring instruments 
with zero volume, but in the detailed design ~8 tubing systems are found to 
provide a guide only. Ektensive experimental data are therefore presented also. 

A feature of the N.P.L. systems for the measurement of moael pressures 
is a specially desxgned pressure-scanning switch' which is used for the following: 

(I) to protect each transducer fmm tunnel starting and shut-down 
overloads) 

(2) to provide a method of applying calibration and zero reference 
pressures before sn?i after each tunnel run; 

(3) to connect a number of model pressures to each transducer 
sequentially during a given run when the response times permit. 

The overall time required to record a number of pressures sequentially 
with a pressure-scanning switch can be minxmisea by reconsidering the design of 
the tubing systems7. An Appendix provides some notes on the use of a 
pressure-scanning switch and the design of the associated tubing systems. 

2.i 

;6 -----_----_-_-----_--------------------- 
A miniature pressure-scsnning switch that csn be inserted inside a small model 

is now Under development in N.P.L. Aerodynamics Division. 
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2. Notation 

a 
0 

d 

de 

f 

k 

4 

de 

P 

pi 

PO 

AP 

%I 

Q 

t 

t 
P 

t s 

v 

V 

h 

P 

D 

speed of sauna, ft/sec 

inside diameter of tube, ft 

equivalent diameter of tube, ft 

fraction of gas molecules that is diffusely reflected 
on striking the walls of the tube 

fraction of tubing volume added to instrument volume 

tube length, ft 

equivalent length of tube, ft (see equation (3)) 

pressure, lb/fl? 

pressure applied to open end of tube, lb/ft? 

mitial pressure in tube and instrument, lb/fi? 

initial pressure dif'ference at the open end of the tube 
IP, - ~~1, lb/fe 

mean pressme in tube at any instant 

d-p' (Pf+p) 
= 

2(m-P) 
, lb/fi? 

2 

mass flow, slugs/set 

time, sea 

response time for Poiseuille flow, se0 

response time for slip flow, set 

volume of instrument, cu ft 

'volume of tub-, tuft 

time constant, defined,as 
(dP/W.&* 

, set (see equation (1)) 

coefficient of viscosity: for air at 20°C, 3.8 x IU' slug/ft-set 

density, slug/fts. 

J./ 
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3. Theory 

Consider a simplified pressure-measuring system consxstlng of a tube 
of small bore connected to a measuring instrument of constant volume. Lf the 
open end of the tube is subjected to a sudden pressure chsnge, the pressure in 
the measuring instrument theoretically approaches the new value asymptotically 
with time. 

For most practical applications the response time can be taken as the 
time for the instrument pressure to reach a value corresponding to 9% or YY*% 
of the initial pressure difference. Since this IS diffloult to measure in 
practxe a number of authors have checked the vali&ty of their theories by 
measuring a 'tune constantt. This time constant can be defined. as the time 
that would be taken to reach the measured. pressure at the maxxnum response rate. 
Fig. 3 illustrates the methods for determining the response time and time constant. 

3.1 Poiseuille flow 

The equations for the response time and time constant, based on the 
Poiseuille equation for low Reynolds number flow are derived in Refs. 2, 3 and 4. 

(Pi-P) 128&cv)~ 
Time constant, A = 

(dP/Wt=O = X.dpPm 
. ..(I) 

128~ (V+kv)d 
Response time, t = 

P dB ~~~~~Pog(~$ 

. ..(2) 

where p = o-999 P, + C'CCI PO for the time to 99.9% of the initial pressure 
bfferenoe , 

and p = o-99 P, + 0'01 PO for the time to 9% of the initial pressure 

diffetince. 

In Ref. 4 the problem is analysed more exactly with the result that a term, 
Ua,, is added to the right hand side of equation (2); this term has little 
influence on the response tzime for configurations involving short tube lengths 
and long response times. 

. 
The above equ&ons canbe extended to the case of a compound tubing 

system consisting of various tube diameters and lengths. This is effected by 
considervlg sn equivalent system of length (de) of constant diameter tubing (a), 
where 8 s, derived from equation (2), is given by 

. ..(3) 

and where 8 i alla ai are the length and diameter respectively of the ith tube. 

An orifice is treated in the same manner as eny other tube in the system. 

3.2/ 
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3.2 Slip flow 

Equations (I), (2) and (3) are not valid for very low pressures and 
tubes of mall diameter m combination, because of the occurrence of slip flow 
or even of free molecular flow. 

In Ref. 5 a solution for the time constant is obtamed using an 
equation for the gas flow-rate derived in Ref. 6: 

tme constant, A = 

In the present investigation we need the response tune and we 
therefore return to the gas flow rate equation derxved. in Ref. 6, 

a' u-Pa) 
Q=- 

.!36& m 

where R is the gas constant and T is the temperature. The rate of change 

of mass of air,m the instrument and tube, ” [(v+ky)Pl, must equal the mass 
iIt 

flow in the tube, gming 

(v+H aP 
Q= -; 

RT dt 

therefore 

aP M4 (S-p') 
-= 

[ 

1+8($(~-1)~ . 

I 

. ...(6) 
at 256(V+kv)@ 

Pm.d - 
P 

Integrating equation (6) and setting p = p, when t = 0 gives the response 
time for slip flow, 

12&l(v+kv)e 
ts = 

xad (a +K) 

1 

pI+p 
log - - 

( > Pi-P 

Pl+po 
log - ( > + log 

PA-PL 

” 

1 , 
. ..(7) 

where/ 
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where 

Equation (7) retices to equation (2) at higher pressures when pl >> K, 

With a value of f = 0'8 (suggested in Ref. 5), and asr at 20% 

K.d = O-0054 lb/ft. 

These equations can be extended to the case of a compound tubing 
system in a msmner similar to that used for Pciseuille flow. The expression 
for equivalent length becomes 

n 

e = e+ 
+(P~+K) 

e 
1 alb,+Ki) 

where K.d = O-0054 = K,d-. 

199p + po + 2ooKi 
1% 1. P, + PC + uci 3 

loi3 
C 

IVY-pi + po + 2CQK 

P, + PO + 2K 1 1 f . ..(a) 

The above equivalent length has been determined, assuming the 
response time to 922 of the pressure difference J.S required, by substituting 
p = O.Ys-& + O'Olpc. It should be noted that the equivalent length is not 
constant for a given tubing configuration (as was the case with Pclseuille flow) 
but is now pressure-dependent. When pl becomes large in comparisonwith K 
and Kz the above expresslcn reduces to the Pciseuille form of 8, (equation (3)). 
For example, with pi = 50 mm Hg and pc = 0, the values of 4, given by 
equatlcns (3) and (8) differ by less than I$. 

3.3 Ccmpsriscn with experiment 

In Figs. 4 and 5 the theoretical predlct~cns for the response times of 
typical tube ccnfzguratlcns are compared with experimental results. The 
predxticns are shown for both Pciseullle flow and slip flow with the value of 
the empirical constant k taken as unity (I.e., taking into account the total 
volume of the tube system), and, for slip flaw only vvlth k = 3. These 
ccmpar~scns show that the slip-flow theory as derived in Sectlcn 3.2 predxts 
the correct trendsfcrthe vsrlation of response time with applied pressure 
difference, but that UI scme cases (e.g., Fxg. 5) the absolute values may be in 
error by as much as lOO$. 

There IS an inconsistency between prev~cus authors on the value of the 
empirlcal constant k to be used, especially when the instrument volume (V) is 
reduced to zero. Ref. 3 states that the full volume (k = 1) of a tube should be 
added to the total system volume only If the dlsmeter of the tube is greater than 
t&e times the diameter of the first tube, or ordice. Thm leads to a trlvaal 
scluticn if the instrument volume is zeru and the diameters of the tubes comprising 
the compound system sre not greater than three times the diameter cf the first 
tube. Ref. 5 proposes that k = $ for all tube and orifice configurations 
whereas Ref. 2 neglects the effects Of tube volume. 

Figs./ 
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Figs. 4 and 5 and other comparisons between theory and. experiment 
shown in Figs. 15-32 suggest that the best overall fit for the tube configurations 
oonsdered in this investigation is obtamed with a value of the .e@.ricai 
constant, k, of unity. 

3.4 Effect of the initial Pressure level and of the sign of the 
applied pressure difference 

It 1s convenient to draw a theoretical comparison between response 
times for the same pressure difference applied ~fl opposite directions and. at 
vsrz.ous initial pressure levels (Fig. 6). 

We use as a basi,s for comparison the response time, th, obtained with 
an initial instrument pressure of zero (PO = 0) and sn applied pressure 
difference Ap = pJ. 
AP = P: = 1~~ - 

If the response time for the same pressure difference, 

the ratio 
pal, starting at an elevated pressure level, 1s t,, then 

. ..(9) 

Curves of t s t: derived from this equation are plotted in Fig. 7 for a range 
of pressure tiferences, Ap(= 1 nrm Hg, 10 mm Hg and 100 mm Hg) for pi > p, 
*na Pi < P,. The value of K chosen corresponds to a constant tube 
diameter of O-036 in, 

0.0054 
i.e., K = = 1.8 ib@. 

a 

It cm be seen from Fig. 7 that for a constant pressure dlfferenoe a pressure 
drop in the inst;n*ment leads to a longer response time than the corresponding 
pressure rise. !&is is due to the fact that the equilibrxun process takes a 
longer time near the lower final Pressure level. However, the direction of the 
pressure step has little effect on the response time when the overall pressure 
level is increased, i(pi+po) >> Ip,-pol]. 

To evaluate tEJtA for a compound tube system it 1s necessary to 

obtain the eqtivalent lengths from equation (8) for the pressure levels under 
consideration. 

Using the notation ee(po,p,) as a general expression for the 
equivalent length of a system at initial and final pressure levels of p. and 
respectively, and d,(O,pi) as a general expression for the equivalent length 
atinitislandfinalpressurelevels of p, = 0 and pL = pi, then 

Pi 



t 
2 = 
t' 

s 

ee(PotPi) 

deco, P:) 

Therefore t$ti for a compound tube system can be detedned by multiplying 

the values from Fig. 7 by a factor 

4e(P,,P,) 

eeco, P$ 

It should be noted that Fig. 7 has been plotted for a tube diameter of ~036 Fn. 
and to use this graph an equivalent compound system must be derived with an 
equivalent diameter of 0.036 in. 

3.5 Qkimisation of the tube system 

In the ma~orlty of pressure-measurw systems the tube diameter in the 
model, end possLbly the model support, 1s governed by the size of the model. ) 
The end of each model tube is connected via a larger diameter tube to the 
measuring instrument. The tismeter of the latter tube may be optimised since 
the response time depends on the total flow resxdnce and the volme of the 
system, for Poiseuille flow (Ref. 3). 

Consider an or&ice of diameter and length (do, Lo), first tube (q, JA) 

end second tube (a,, es) connected to a zero-volume transducer. 
ve 

For a given p-ensure, t 
P 

ot + 
a" 

From equation (3) using CL = d (the basic tube diameter) 

a,’ e = e. - 
( > 

a, ’ 
e 

aO 

+ -5% + ep - . ( > 
a* 

Thus, for a minimum value of da, 
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This leads to a cubic equation in c$, 

which can be solved graphically or numerxally for &. 

An investigation into optimisation for slip flow for a number of tube 
configurations revealed that the optimum diameter of the second tube was less 
than 5% different from that for Poiseuille flow at pressures above @5 mm Hg. 
Therefore 111 this range the Poiseuille cubic (equation (11)) gives a good 
approximation Furthermore a fairly broad minimum is obtained and the variation 
of optimum second-tube dlameter is relatively small for a large range of tube 
configurations. In Fig. 8 the variation of response time for Poiseuille and 
slip flow is shown for a compound tubing configuration in which only the second 
tube diameter is varied. Frgs. 9 and 10 compare the slip flow theory with 
experimental results, and show reasonable agreement for the value of da at which 
the response time is a minlrmun, 

4. Details of the Experxaental Investigation 

The tubing configurations used in the experimental investigation are 
tabulated in Fig. 11. The choice was based on a survey of existing wand-tunnel 
models and possible posItions for mounting the pressure transducers. 

A pressure range of 1 mm Hg to 100 mm Hg was used throughout the 
experiments since model pressures in this region lead to response times of the 
same order as the tunnel operating times. The initial pressure an the tubing 
system was held below PO2 mm Hg and all the response times quoted are therefore 
appropriate to the rise from vacuum to the applied pressure. 

A Statham PA 208'JC, O-5 psi absolute, 3 in. flush-diaphragm, unbended 
resistance stram-gauge transducer was used as the pressure-measuring instrument. 
The full-scale output of the transducer with a 7'V supply was 76 mV, giving 
approtiately 300 N/mm Hg. 

Fig. 12 shows the transducer mounting block bolted to a brass face 
plate snd tube adaptor. The transducer was fitted to the mounting block with 
the diaphragm approximately 0'002 in. below the surface, thus reducing the internal 
volume to a minjmum (< 040004 cu in.). A number of face plates were constructed 
for connection to the various tube diameters used xn the tests. All the tubes 
were made of nxkel or copper so that outgasslng and porosrty effects prevalent 
in some plastic tubes could be rmnimised. However, all butt joints in the 
system were sealed with short lengths of plastic tube. 

. The complete pneumatic system, shown in Fig. 1.3, enabled a pressure step 
to be applied to the tube system via a quick-actmg manual stop-valve or an 
electromagnetic stop-valve. The bore of these valves compared with the ortiice 
diameter was large enough to have negligible effect on the response times. 
The control for operating the electromagnetx valve included a single-shot pulse 
generator to trigger an oscilloscope (Fig. 14). 
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kl Experxmentsl method 

The pressure m the transducer-tube system was snatrally reduced to 
less than 0'02 ana Hg, as andxated on a Leybold Alphatron ronlsataon gauge. The 
stop valves vi and v3 were then closed and Va opened to set the required 
pressure level, recorded on a Wallace and T~.ernan dial gauge. Va was then 
opened rapadly to simulate a step pressure change at the anlet to the tube system, 
The ratlo of transducertube volume to cylinder volume was small so that a 
negligible change of the pressure level in the cylinder was observed after 
application of the pressure step, 

The output of the transducer was recorded on various instruments 
depending on the response time. For short times the output was fed, via a 
Redcar 361 D.C. dtiferentisl amplifier, lnto a Tektronix type 502 oscilloscope 
fatted with a Polsroad camera. The electromagnetic valve and associated 
oscilloscope trigger were used for these runs. The longer response tunes were 
recorded on an S.E.L., type 2000, ultra-vaolet recorder, using a C.25 low 
frequency galvanometer. The Redcar 361 was used to amplrfy the transducer 
signal with a swxtched C-R filter-attenuator on the output. The filter-attenuator 
was arranged so that, wath the amplafier on a fixed gain of 1000, the resulting 
transducer output at 1, 5, 10, 20 and 100 mm Hg gave practically full-scale output 
on the ultra-violet recorder. (The reason for this approach was that the output 
sagnal to norse ratlo was conslaerably better at the maximum gain setting of the 
amplifier.) 

4.2 Results 

The response tunes for the tube confagurations tabulated m Fig. II 
were measured at a number of pressure levels from the recorder or oscilloscope 
traces, and are presented in Figs. 15-32. The response times to 99% of the 
applied pressure drfference have been determined, The trne to 99% represents 
0*0&O OIL from equilibrium for a full-scale deflection of 4 m. on the recorder. 
This deviation from equilibrxvn was relatavely easy to discriminate on the records. 
The times to YY'Y$were not measured srnce drffxulty was encountered owing to the 
trace thickness (O-015 in.) and also the uncertainty in determining the final 
trace deflection. 

The overall errors 111 the measured response times are estimated to be 
of the order of 19%. Inaccuracies arose due to the follows.ng:- 

(1) non-uniformity of tube bore and xxxccuracaes of bore 
measurement - these effects were prominent for the 
0*120 in. and 0'1875 in. drsmeter copper tubes; 

(2) variation in measuring the response times from the 
trace records - the repeat accuracy was appmxlmately 
1%; 

(3) change of initial pressure in the measuring mstrument - 
the pressure was held below 0.02 mm Hg for all the 
tests, but changes below this level affected response 
tines at the low pressure levels; 

(4) leaks and outgassing effects in the transducer-tube 
system - this led to a gradient on the final pressure 
level ana made the measurement of the YY$ response 
time uncertain. 

5./ 
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5. Discussion 

In Figs. 4 and 5 and other ccmrpsr.xsons with experiment in a number 
of FiguresfYom 15-32, the theory predicts the correct trendsforthe variation 
of response time with applied wessure difference but in some cases the absolute 
values may be in error by as much as IO@. Some of the aifferences must be 
attributed to the inaccuracy of the experimental points. Rxrthermore, the 
theory has been derived on the assumption that the measuring instrument has a 
finite volume and that the complete tube volume osn be considered to be 
concentrated at the end of the tube adjacent to the instrument; some doubt must 
be expressed on the validity of the equations when the actual instrument volume 
approaches zero. 

As indicated above, it is expected that the theory will be used to 
give an approzdmate estimate of the response time in the design of tubing 
configurations and that a closer e&mate will be possible from the experimental 
data presented. However, it should be noted that the ideal conditions associated 
with the theory and the experzmental investigation may not always obtain in a 
practical wina tunnel. For exsmple, a step-function pressure change is assumed, 
but in a wind tunnel of the blowdown type the pressure history of a typical test 
section orifice may be as shown inFig. 33. The high-pressure pulse prduoed 
as the tunnel sibu%ing shock passes the orifice will affect the measuring 
instrument since the response time will be extremely short compared with the 
response time at the lw pressure to be measured, The effect of this could be 
favourable or unfavourable depending on whether the initial pressure in the tube 
is above or below the final pressure to be measured. , 

The actualformof the startingpulsewillva.xywith the type of tunnel, 
model, and test conditions and the differences between the actual end assumed 
pressure ohsnges should. be borne in mind in the application of the results of the 
investigation. 

The opt- second tube diameters for the majority of the configurations 
considered in this imrestigation vary between 0*0&O in. end 0*080 in, In many 
wind-tunnel experiments it may be necessary to use a fixed &smeter for the second 
tube in conjunction with orifices and first tubes of different geometry, and 
various lengths of the second tube. If a compromise has to be made for different 
oonfigurations, then it is clearly advisable to bias this towards the larger 
diameter because the rate of increase of response time is pester as c3.a decreases 
from the optirmrm value than when it increases (Figs. 8, 9 end IO). Under these 
conditions a diameter of GO60 in. is suggested, as a compromise, for 
configurations similar to those tabulated in Fig. il. 

For the measurement of model pressures it is advisable to hold the 
pressure in the test section, and hence the initial pressure in all the tube 
systems, at a value just less than the lowest pressure to be measured. This 
ensures that the pressure difference applied to each tube during the run is aa 
small as possible and therefore that the response times are as short as possible. 
Furthermore, the faot that the applied bessure differences Bpe positive alao 
helps to minimise the response times (Fig. 7). 

The experimental response times sre presented for a pressure difference 
applied from vacuum to the measured pressure. Fig. 7 can be used, in 
conjunction with the experimental data, to obtain an estimate of the response 
time for the ssme pressure difference applied in either a positive or negative 
sense at en elevated pressure level. 

6./ 
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6. Conclusions 

I. The extension of existing theorIles predicts the correct trends for 
the effects of varying the applied pressure and tube geomeixy for slip flow 
in a compound tube system, even when the volume of the measuring instrument is 
reduced to zero. A useful estimate of the response tune csn thus be obtained 
for the initial design of a pressure-measurmg system. 

2. The detail design will still depend to some extent on experimental 
data for the response time because the theory cannot be relud on for an accurate 
absolute prediction; comprehensive data from the present investigation will 
therefore be useful in this respect. 

3. Slip flow effects make little difference to the theoretIca value for 
the optimum diameter of the second tube in a compound tube system. The optimum 
dumeter can therefore be calculated to sufficient accuracy from the less 
complex Poiseulle flow equation. 

4. The experimental values for the optimum diameter of the second tube 
ars in good agreement with the theoretical predictlons. 

5. !Uhe pressure in the tunnel test-section prior to a run should, if 
possible, be held close to the lowest pressure to be measured and preferably 
below it rather than above. 
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The Design of Tube Systems when Connected 
to a Pressure Scanning Switch 

As mentioned in the Introduction, a pressure scanning switch may be 
used to measure a number of pressures sequentidly if the tunnel operating time 
is long compared with the response times of the indlvldusl tubes. Special 
consideration of the response times then applies for mxnlirmsmg the overall time 
required. to record a given number of pressures. 

mg. 
? 

4 shows a tube system connected to a port of an N.P.L. pressure 
scann~ switch w*th the transducer registered. with the port in the ssmpllng 
posltion. This indicates how the transducer 1s sealed to the port by means 
of the -er O-ring. During a scan of the pressure switch the transducer is 
stepped from port to port and zn the interport posltion 1s vented to the switch 
case. The case is continuously evacuated to prevent a carry-over of pressure 
from one port to the next. This procedure also eliminates hysteresis effects 
m the pressure transducer since the transducer output always has to rise to 
record the measured pressure. The volume xn front of the transducer is kept to 
a minimurn to reduce the response time of the switch (travellmng volume 
approxunately 0'0004 cu XI.). This response time is the txme required for the 
pressure in front of the transducer to reach equlllbrlum with the measured 
pressure after the transducer has been moved to the appropriate port. The 
effect of the travelling volume of the transducer has been isolated (Fig. 35a) 
by connecting a large volume, at vsrlous pressure levels, on to a port and then 
stepping the switch from an lnterport position on to the port. The addition of 
a tube system between the port and volume has a radical effect on the mtch 
response time (Fig. 35b). Although the tube volume may be 1000 times the 
travelling volume of the transducer, the response time 1s increase& due to the 
flow resistance of the tube system. Fig. 35b represents the case where the 
tube systems from the model are connected directly to the ports of the pressure 
scanning switch. 

Consder the told time, T, required to scan n ports from the 
initiation of a tunnel run. The transducer tilbe at rest on port 1 during 
the txme, to, requned for all the tube systems to reach equilibrium wzth the 
measured model pressures. Ports 2 to n remam to be scanned and each ~111 
have a response time, tt, once the transducer is registered with it, There 
will be (n-l) travels between ports, each taking tune, ti, and n recodgs, 
each taking time, t r' Thus, 

n 

T = to+ tt + (n-l)ti + nt,. 

2 
Fig. 36a shows the pressure-time profile of the transducer during a tunnel run, 

The total time, T, required to scan n ports can be reducea if n 
is large by placing volumes dediately in front of the switch 
to isolate the switch from the effect of the tubing resistance 

Tports (Fig. 37) 
. If the added 

volumes are made 1000 times the travelling volume of the transducer, then the 
error due to ssmpllng by the transducer will be approdmately -O*l$ after the 
respontie time of the switch 111 isolation as defined in Fig. 35a. The addition 
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of a volume to the tube system increases the time, to, for the pressure 111 the 
tube to reach equilibrium with the measured pressure, but the time, t 

i' 
required 

to sample this pressure with the scanning switch 1s &creased due to he isolation 
from flow resistance effects m the tube. The pressure-time profile of the 
transducer for tube systems with volumes attached to the mtoh is shown 111 
Fig. j6b which can be compare& with Fig. 36a for similar tube systems oonneotea 
directly to the switch. 

Equation (1) 1s motiid to 

n 
TV = t + ov r ttv + (n-l)tl + nt,, 

2 

. ..(2) 

where suffix v indicates the addition of volumes to the tube systems, and time, 

%r' is the same as the response time of the switch in isolation. 

Thus, by setting T = TV we can fina a value of n beyond which 
the total time will be reduced by the addition of the volumes; for smaller numbers 
of tubes the time will be increased. It x3 important to take advadage of the 
added volumes for large values of n for both intermittent tunnels (to increase 
the number of readings that can be made 111 a given operating time) and for 
continuous tunxnels (to decrease the operating time for a given number of readings 
and hence to economise on power). 

As an example, consider an actual pressure measurzuxg system, the 
characteristics of which are sunrmarised below. 

Characteristicsof the N.P.L. 12 Port Scanning Swxtch 

(i) Travelling volume of the transducer, 0*0004. cu in. 

(ii) Interport time, ti = 400 milliseconds 
(using a 13.5 r.p.m. motor). 

(hi) Time requirea to.record the output of the pressure 
transau0.9?2, t+. = 100 milliseconds (inoluding a 
dwell time to ensure that the transducer does not 
move off a port before recording is completed). 

Characteristics of the Tube System 

(i) Ortiice I (0.010 in x 0*04-O in.) + (15 in. x O*O36 h.) 
+ (60 in. x 0'080 in.). 

(ii) Tube capacity 0*33l ou ins. 

(iii) Capacity of aaaea volune, 0.3 cu in. (Le., 750 times 
the transducer travelling volume). 

Response Time Chsraoterlstlcs for a Measured Pressure of IO mm Hg 

(1) Erom Fig. 35a the response time of the switch alone 
.and hence the sampling time for the mtoh with tube 
system and added volume, ttv = 35 milliseconds. 
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(ii) From Rig. 35b the response time of the switch with 
tube system, tt = 4'7 seconds. 

(iii) From Fig. 17 the time for tube system to reach 
equilibrum with the measured pressure, to = 20 seconds. 

(xv) Time for tube system with added volume to reach 
equilibrium with the measured pressure, to, = 36 seconds. 

Substituting the above values in equations (1) and (2) gives 

T = (n-1)(0*4 + k7) + n(D1) + 20 

ma TT = (n-1)(0'4t 0.035) t n(P1) t 36. 

Solvmg for n when T = Tv gives n i 4'4.. 

Thus, for minimum tunnel operating time, Ff the number of pressures 
to be measured is greater than 5 it is advisable to use tube systems with added 
volumes. If the number of pressures is less than 4then the tube systems 
should be connected directly to the pressure-scanning switch. 

When oaloulat~ons for an optimum second tube diameter sre performed 
>the capacity of the added volumes should be taken into account; this tends to 
increase the optimum diameter of the second tube. 
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