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Figure 6 compares.the sea level lag constant (,X,*‘i%; ) for each system in
ﬁ"Figure 5. Four of the seven systems (A-2, B-1, B-2, ané C-3) show significant
lag improvement., Of the remaining three layouts, two (A-1 and C-2) have reduced
the CADC lag considerably but have nad little effect on the panel lag,

Frequently a particular arrangement cannot be chosen on the basis of lag
reduction alone because, as Figure 6 implies, some layouts, though very atiractive
response-wise, may introduce weight problems and/or installation difficulties.,

In order to more thoroughly evaluate a group of arrangements, it was found ad-
vantageous to make use of another parameter which was termed the "lag reduction
Factor", This factor, plotted also in Figure 6, is defined for a given arrange-
rment as "the amount of lag decrease (in sec.) from the standard layout per pound
of system weight increase over the standard".

It is interesting to note that arrangement B-1, while not the most desirable
from lag considerations alone, does yield the greatest amount of response improve-
ment per unit of weight increase. Companion arrangement B-2 also ranks high on
this scale, The converse is true for layout A-2 which has the best response.

This system rates fairly low, indicating that the lag improvements carry greater
weight penalties than B-1l or B-2, These same remarks apply to system C-3, Sample
lag calculations for Fig. 6 are presented in Appendix II,

This article concludes the Analysis section of the report. The preceding
discussions have been presented to demomstrate the utility of calculations and
comparisons in pressure system design.,

~
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SECTION IV

EXPERIMENTAL PHASE

4.1 Test Equipment and Techniques

The objectives of the experimental phase of the WADC lag study were twofold.
First, it was desired to determine the degree of validity of the fundamental flow
assumptions stated in Article 3.2, The second objective, an extension of the first,
was to compare the actual lag characteristics of various arrangements with those
predicted by the analytical method previously demonstrated.

The general lag test procedure consisted of applying a ramp input function
to a test chamber (in which the inlet of a simulated pressure measuring system
was located) and recording the pressure drop between the chamber and variocus in-
strument volumes by means of 1 psi differential pressure transducers. A 15 psi
differential transducer was used to monitor the chamber pressure with respect to
ambient. The outputs of the transducers were recorded by oscillograph. . Figures
7 and 8 show the general arrangement of the test equipment,

Some difficulty was encountered in the production of a satisfactory ramp
input. The first method attempted was similar to the procedures reported by
Smith (ref. 13) and Newman (ref. 8)., In this scheme a manually controlled valve
admitted air to the test chamber., The input rate was established by means of
& mercury manometer and a pointer moving at constant speed up the mancmeter scale.
The valve operator attempted to equalize the rates of the pointer and mercury
column, Test runs made in this manner yielded data with considerable scatter.

In particular, the 1 psid transducer outputs exhibited severe oscillations which
were attributed to rate variations resulting from the manual control. The
sensitivity of these transducers was such that the nonlinearities were greatly
magnified, It was obvious that some automatic method of ramp function production
was necessary.

In this respect a technique developed by Reid and Campbell (ref, 10)
appeared very promising., This procedure made use of a choked orifice which passed
air into the test chamber at a constant rate. In the WADC tests a 20 psig driving
pressure was also used to achieve the critical orifice pressure ratio at test
chamber pressures near ambient. In addition a stablization chamber was in-
corporated into the system to remove supply pressure fluxuations. During the test
runs the simulated system and the main chamber were evacuated to a pressure
altitude of 80,000 feet and isolated for leakage checks. (Leakage was held to a
maximum of 0,002 psi over a 10 minute period.) The intake valve was then opened,
allowing air to enter the test chamber through the metering orifice. Concurrently
with the opening of the valve the oscillograph was energized and the response
recorded. Four interchangeable orifices were used to achieve ramp input rates of
0.1, 0.2, 0.3, and 0.4 psi/sec., The accuracy of the transducer, amplifier,
oscillograph combination was found to be .004 psi.
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Figure 7 General Arrangement of Test Apparatus
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Figure 8 Electrical Diagram
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4.2 Arrangements Considered

For the experimental phase, the static pressure system of a single-engine,
high-performance aircraft was chosen for study. Manufacturer's drawings were
obtained to show line lengths, type and location of fittings, and instrument
volumes. This information was utilized in fabricating the test systems. TFigure
9 illustrates the arrangements which were investigated. Systems 1, 2, and 3
represent different approaches to the same installation while system 4 incorporates
a: second panel volume. Systems 5 and 6 have only one panel and the CADC volume,
These latter arrangements were also utilized to determine the lag contributions
of the various types of pitot-static tubes shown in Figure 10.

4.3 Test Results and Analysis

The following parameters were recorded (or calculated from raw data) for
each test run: ramp input rate, test chamber pressure, pressure lags for each
instrument volume, ambient temperature, and ambient pressure. A sample data
sheet is shown in Table 1.

Before the data analysis began, calculated acoustic lag values were sub-
tracted from each recorded pressure drop so as to leave only the viscous lag,
These frictional lag values were then plotted as a function of inlet (chamber)
pressure, A typical plot, utilizing the data of Table 1, is shown in Figure 11.
The significant influence of inlet pressure magnitude upon lag is again quite
obvious, as is the effect of inlet pressure rate.

Viscous lag values taken from these curves of A Pf vs. P were subsequently
graphed in the manner described in Article 3.2,i.e., A Py vs. P/P. Figures
12 through 36 present the experimental results in this form. Shown also on each
plot is a straight line representing the calculated frictional lag for the
instrument volume under consideration. The slope of this line is, of course,
equal ‘o the value of 43,

It will be noted that the A Py vs. P curves could have been omitted and the
data plotted directly in aF; vs. P/P form. It was found, however, that the two-
curve method generally gave a more accurate indication of a system's lag
characteristics by eliminating the influence of lag values which were clearly
€rroneous, ’ '

A number of interesting facts emerge from an examination of Figures 12
through 36. First, it is seen that theory and experiment are in reasonable agree-
ment at low values of P/P. Where there are discrepances, the calculated values
are conservative, These variances are probably the result of differences between
the actual geometry and the dimensions upon which the calculations are based.

(In particular, the diameters of pitot tube chambers were found to be critical,)

It is also noted that asv?/P increases, the experimental lines on many of the
curves bend upward and away from the calculated slopes. This nonlinearity,
previously observed by Smith, is believed to be the result of a change from laminar
conditions to transitional or semi-turbulent flow within the system. It also
illustrates the underlying cause for this type of plot, viz., P/P is a function

of the flow Reynold s number, This relationship is seen more clearly from a

(text continued on page 39)
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SYSTEM NO. 1

Pilot's Panel [

Vol=77 cu in CADC Press, Transducer
46 in Vol=17 cu in Flight Control
_;_______{:] System Press.
25 in Transducer
, 24 in Drain Vol=2 cu in
Pitot Tube A Trap L1l in
—_— 245 in 10 in - 41 D
Vol=4 cu in .
SYSTEM NO, 2 SYSTEM NO, 3
Pitot Tube A Pitot Tube 4
SYSTEM NO. 4
[:] — Rear Panel
it Vol=177 cu in
40 in
40 in -
Pitot Tube A ,
60 in
<3 . 350 in D
SYSTEM NO. 5 SYSTEM NO. 6
Pitot Tubes —{] Pitot Tubes —_]
A, B, Cand D A and B
<k | <!/ »

Figure 9 Arrangements Tested During Experlmental Phase
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PITOT-STATIC TUEE A
Annular Chamber

Deq: .101
7.25 long 1/4 OD X ,035 X 11.5
° ‘]
-]
two ports
.070 D
.157 long
PITOT-STATIC TUEBE B
Annular Chamber
Deq?=.225
8.375 long 1/4 OD X .035 X 5.5
- -] 1
°o | | | Il
four ports ::.h25 ID X 1.44
.080 D
3/16 long
PITOT-STATIC TUBE C
1/4 OD X .035 X 11.8
B ' l
two ports

same size as tube B

PITOT-STATIC TUBE D
(AN 5816)

3/16 OD X .035 X 6
8 ]
ten ports
.040 D
3/16 long

Figure 10 Various Pitot-Static Tube Designs Considered During
Experimental Phase (All dimensions in inches)
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TABLE 1
Sample Test Data Sheet for System No. 1

Ambient pressure 29.3 in. Hg. abs.
Ambient Temperature 25°C

Test Ramp Total Lag Error
Chamber Pressure | Input Rate (psid)
(psia) (psi/sec) Pilot's |.  CADC Control System
Panel Transducer Transducer
4.18 O.44l 1.050 0.998 0.984
5.31 0.730 .698 ."700
6.43 «540 .500 .508
90614 -350 5326 -350
11.79 270 246 .270 -
13.05 .210 ' .210 «220
3.32 0.313 0.878 0.838 0.842
4,11 .668 640 . 660
6.27 342 326 342
8.69 . 207 .220 .233
11.25 .150 .150 .159
13.39 . 104 .112 .120
2.71 0.163 0.532 0.500 " 0.510
3.08 425 .392 .418
4.28 «220 .218 .231
7.58 .096 . »090 .118
10.19 .070 .070 072
13.32 .050 .057 .056
2.18 0.101 0.360 0.345 0.352
2.58 +250 242 .268
3.62 .132 122 .128
6.51 ‘ 073 .065 .068.
10.25 .050 040 OL6
13.39 040 .033 .032
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Figure 11 Frictional Pressure Drop vs.
Inlet Pressure for System
.6 No. 1 Pilot's Panel

' \ Volume = 77 cu. in.
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System No, 1 Pilot's Panel
Volume = 77 cu. in.
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comparison cf equations (2) and (8) of Article 3.2 which shows that the flow
velocity is, for isothermal conditicns,

T j-) 5
v=x[At-0+V]E (26)

Since Re o DU"
Then Re o B‘[A(Q—Xﬂ- \{,% (27)

Thus the Reynolds number is proportional to the total downstream volume, to P/P,
and inversely proportional to the internal diameter,

It is significant to note the influence of system geometry upon the critical
value of P/P, i.e., where transitional flow commences. As equation (26) indicates,
the maximum velocity occurs when the downstream volume is the greatest and the
flow area is the smallest. These conditions usually exist at or near the system
inlet. It can be reasoned then that turbulence will probably begin at the pitot-
static tube. Since the upper value of Reynolds number for laminar flow is nearly
constant, equation»(2?) may be expressed as

With the aid of this expression and Table 2 it is possible to explain the wide
variation of (P/P)cr for the arrangements tested., For example, consider two
extreme cases: System 3 (Fig. 19) and System L (Figs. 21-24), Since the same
pitot tube was used for both systems, the main tubing diameter may be utilized to
compare these two systems with System 1, For systems 1 and 3 (using equation 28),

(—g-)cr for No, 3
(:5) for No. 1
cr

120
25

NS

X

~5

-

0. 3= .125 which is off-scale as

=

Since (P/P)cr for No. 1 = ,025, then(B/P)er for
indicated in Table 2, For_systems 1 and 4,

3
(j!gcr- for No. &4 -8 20 _ 3
= T4 235 T4
(‘l@c.— for No. 1 ¥

In this case (?/P) cr Tor No. 4= 3/L (.025)= ,018, which is in agreement with
Table 2 and Figures 21-2/,

The lag contribution of various pitot tube designs is shown in Table 3. It
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TAEBLE 2

40

P
MAJOR DIMENSIONS OF SYSTEMS TESTED
System | Figure Deq for 0D of Total Volume | Approximate Value
No. | No. |Pitot Tube| Main Tubing Line | Downstream | ., 2/, i SBs
(in.) (in.) of Pitot T4
Tube (sec™)
(cu. in.)
1 12, 13 .101 1/4 120 .025
14
to2 15, 16 101 3/8 155 .025
17
3 18, 20 .101 1/4 102 .025
19 .101 1/4 25 off-scale
4 21, 22,
23, 24 .101 3/8 235 .015
5 25, 26 .101 3/8 122 .040
27, 28 .225 3/8. 122 off-scale
29, 30 .180 3/8 122 off-scale
~ 31, 32 .118 3/8 122 .050
é 33, 34 .101 1/4 114 040
35, 36 .225 1/4 114 .040
TABLE 3
LAG CONTRIBUTION OF VARIOUS PITOT TUEES ON SYSTEM NO. 5
(Based on calculated data)
Pitot Tube Panel Lag Lag Contribution of Tube Percentage of Total Lag
Constant (sec) Due to Tube
(Mo » sec) 3
A 104 .071 68.5
B .0375 .008 21.3
C L0457 .017 37.2
D .068 .037 5Lk
o~
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is clearly evident from this tabulation that Tubes A and D unduly penalize a high
response system such as No. 5, Thus, the full lag reduction potential of 3/8 0D
tubing cannot be achieved with pitot tubes similar to A and D,

Since fittings were not considered in the calculations, it is seen from the
graphs that their contribution to lag in the laminar range is negligible, It is
Suspected, however, that they have a greater influence when the flow becomes
transitional or partially turbulent. The same is also true for tubing bends,
Newman (ref. 8) found that, during laminar flow, curvature effects in a length §
with a bend diameter § are small when

)
Vd*’é& p(_‘.SD_) <

DM

In the WADC tests the largest possible bend radii (much larger than the limiting
case) were utilized.
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~ , SECTION V
CONCLUSIONS AND RECOMMENDAT IONS

In relation to the previously-stated objectives of the experimental phase
and the entire program, the conclusions resulting from this investigation are
summarized below:

1. The theoretical pressure lag analysis discussed herein is satisfactory
for purposes of system comparison and is adequate for actual lag determination for
the case of laminar flow.

2. Pitot-static tube designs similar to A and D (Fig. 10) are unsatisfactory
because of their large lag contribution when connected to a system of typical
internal volume., Tube designs B and C are considered satisfactory.

3. In general, the single-source system incorporating 3/8 OD tubing
possesses the most desirable lag reduction characteristics of the arrangements
considered.

On the basis of these conclusions it is recommended that, unless specialized
requirements demand otherwise, the static pressure systems of high performance
aircraft be composed of 3/8 in. OD (.035 wall) tubing in single-source arrange-
ments similar to Systems 2, 4, and 5 of Figure 9, To achieve the full response
capability of the large tubing it is further recommended that the limiting equiva-

"_lent circular diameter of annular chambers in pitot-static tubes be a minimum of
7 3/16 inch. The minimum size for circular static pressure tubes inside the pitot-
static tube should be 1/4 inch.

It is also suggested that applicable USAF static pressure system installation
specifications be modified.to require the following:

(1) Submission by the airframe contractor to WADC of lag analyses
(theoretical and/or experimental) of system arrangements proposed during the
design phase.

(2) An experimental verification of the response characteristies of the
static pressure system utilized in the production air vehicle,

Since the WADC investigation was intended primarily to provide guides for

the designer in choosing a high response system, no effort was made to establish
techniques for determining or predicting lag errors during actual flight conditions,
These subjects have been well covered by other investigators (refs. 4,5, and 13),
There are two topics, however which, because of their relation to systems discussed
herein, should receive further attention. They are: )

(1) Effect of extremely high altitudes(above 80,000 feet) upon lag
error. At these heights the mean free path of the air molecules becomes com-
paratively large and a phenomena known as slip flow occurs,

(2) 1Influence of low damping levels which may be present in high re-

M sponse systems, This could result in severe pressure oscillations at low altitudes
under unsteady inlet conditions.
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APPENDIX I

DERIVATION SUMMARY 1

The general vector form of the Navier-Stokes eguation is

gv- - V1Lf-3/ls— v(v-u-)-/—;vP .
For one-dimensional, steady flow, equation (1) reduces to
M X~ (2)
Integrating equation (2) twice yields the following éxpression:
v=L 2 ricihrsc, 3)

The two integration constants are determined from the boundary conditions which
are (from the sketch at right):

=Q when r=rt,

|

s

I
=

_3%30 when r=0Q

~ ‘ C.=O

Then (4)

~, =~ QP .2
CZ, 4}4 6X r;

Substituting equation (4) into (3) yields
U'— b QE (r r; (5)
4
If v is the average velocity, then fo

AT=21 [v rdr (6)

o ‘
Substituting equation (5) into (6), integrating, and simplifying gives

—"%}{:-ﬁﬁ‘l
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DERIVATION SUMMARY 2

Equation (20), Article 3.3, is repeated below for reference

Applying equation (11) (Article 3,2) to each term of the above expression yields

128 ju R AR\ _ 128 _ Al-K AK>
_ﬂ'%r(v"’z")"ﬁ‘[(g R Ak v+ ALK (s 2)] (1)
Expanding and simplifying this equation gives
A% _ AY _ARK _apz py. ALK . AK? AE] 2
It is seen that equation (2) reduces to the identity
2
f(v+al= v+ AL (3)

This indicates that the term ¥ in equation (11) can represent the total volume
downstream from the tubing length under consideration,
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DERIVATION SUMMARY 3

The boundary conditions for laminar flow in an annular chamber are:
3
7]

. U'=0Q when r=rn
S ——— (3

(1)

V'= 0O when r=r

Substituting equation

(1) into equation (3) of Derivation Summary 1 gives the two
constants of integrati

on.

2 4 s
C=-t 3P |n-r .

49X | Ik

2

P
__t P[r*lnep—nr Inn
Ca= 4u X { |H%

The velocity equation is then 2

A
=L 3P ri(nz- r;),m. _rflnn-rinn
- X

(2)
4 n r
M In ~ In 5
#™1f ¥ is the average velocity, then r
]
Ar=2w/v rdr 3)
2
If equation (2) is inserted into equation (3) ' and the resulting expression
simplified, the result is
SP_ _ 8 u # .
3x rAn'_nin
r
or In%
éf_:_j,ia#_g_?
X D+ Dz_ i — Dz '
—D-—‘.. iy
in L

WADC TR 57-351 46




APPENDIX II

Sample Lag Calculations

For 1/4 OD X .035 tubing V3=77 i
A=.785x.18% = 0254 in*
® 46 in
-7 @ V4=l7in3
B= 128x3.7(x10 slugs /ft.-sec. 8;_*_1_ , 275 in 25in ]
T x (I8in)* x 2116 psf 6 in @

= 6.88x10° sec/in*
For the annular chamber (D = «19 and 8 long)

Na=6.88x10° sec/in* x(—'—) x8in x V4 = 455x10° \y sec/in>
For static pressure ports (D=.080 and 3/16 long)

r\o=6.88xlo sec/in® x(%} x?% in xlz/i = I.66xlo-5 Vd sec/in?
For annular chamber and ports ,

(\°,=(4,55+l.65)xlds Vd =6.21x lds V4 sec/in?®
Now, from sketch at top of page,

Aea = 6.88x10 X 25 inx(17in*+ 12.5x.0254 in®)= .00298 sec

Me3=6.88 x 10 % 46x(77+ 23x.0254) = .0246 sec

Aoz = 6.88x10°¢x 281%(94 +210x.0254)= .192 sec

Aoi= 6.21x10%(94+ 358 x.0254)=.0063 sec

_9_> =_335in 0279 sec

Q. V3 12 Q00 ’n/S?C
(2) =314 in =.0262 sec
Q,/Va 12 000 (n/ sec

Then Q 9
[Ao‘}-a] = Ao‘ + Aoz+ /\o3+ a';: 5] sec

>

o-t-g-] = Aoi+ (\oz+(\o4+-§°:-227 sec

;
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