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THE BERKSHIRE ELECTRIC VARIO

Marshall Howe '
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»
For the weekend scaring pilot who oan- TC “Dr“ natrral t“““ adapting
not select the best day ol the week (or construo-
month) for his rec eational soaring, an Len of :undlng
ultra-sensitive cotric variometer 1s a chargca {at subsconic
great aid for sustaining in weald or mar- ! inngveu in measuring rate
ginal 1ift cornditions. B really nimble of elimb of a sailplane.
vario thal responds in a fraction of a
second to any change in 1ift and can show We borrowed the existing concept of
1ift or sink down te 0.2 ft/scc permits the slow leak of air from a reservoir
utilization of the largely neglected re- through & small diameter constriction or
gion just above zeore sirk, Teo lacilitate capillary tube and used a capacitor micro-
vapid centering in a small New Lngland- vhone of phe balancead Type to sense the
type thermal, te promptly ingicate whan PLEsSslme it rence at either end cof the .
- 1ift 45 Fading and Cthe figure capillary tube, Our microphone does not
i startea,ior even to rilk the ;1ns£orm_aucuﬂt?c energy or sound to
foot of altitude from a dying energy; it does transform a
this wario is & tromendous 41d Mrﬂr in change of pressure to 4 propor- L

it szhould
pe dif-

Massachi- Liopnal chanc in

be

the Berkshirs Hills ol
setlbs, the members of
ing Society have been Blen
made" varics with Che above virtues
nearly Lwe vears now.,

anp“ny

shire Soar-
”homu-

for

grew out of the au- Figures 1 and 2 show external views
£n audio ang hi-fi of the complets assembly of flask, trans-
in building capacitor gucor, eloctronics and meter without the
ricrophones and electrostatic loudspeakers hattery. An q”ﬁl“ plate adapter used in
exle back over [ifteen years. This mounting the instrument on the bottom of
Lli'ter\_u‘r c~ouplr~-' with recent addicotion Lo the panel of the club's 2-22 is also
searing has spawned the Berkshire Vario. shown in the figures., This adapter is

= omitted in Lhe version usad in the 1-26.

thor's long
and @xperia
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In both versions, a dual ra
n the meter of 5 or 25 ft/sec is u
The £ Ll-scalp range is selectod by a
lr e-pesition switch which includes the
a TLF} on-off switeh. The switch knob
1z localted at the lower lelft of the meter
face. Above the switch is the knob of a
zero adjustment potentiometer., The least
reading division on the 5 scale is 0.2
ft/sec, with major divisions at integral
reet per second for both 1ift and sink.
When cperated on the 25 ft/sec nge,
the above divisions are mu L-plj by
so that the least reading divisions are
integral feel per I and the major
divisions are : units.

L
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o
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On either scale the TLime conslant”
h is defined as the tinme for the meter
necedle Lo reach 62 percent of its ultimate
value on being subjectad to a sudden pras-
sure (or rate of climb) change is Trom 4
to & toenths of a second. Sinee a time
duration of five tTime constants is necos-
sary for the completion of 99 percent of

e necdle motion, we can say Lkat final
:edle setting is attained in from 2 to

The meter, controls, and slectronics
circuits are wounted on a 4.12-in, diameter
plate with the meter and COﬁtrq1° cluster-
ed o [it within a standard 3.12-in. pancl
opening. The Cransducsr is mounted on
four posts behind the front plate and it,
in turn, supports the insulated [lask on
another four posts belind t,

We should like Co cncourage others to
try thelr hands at building this instru-
ment.  Our model was bulllt [rom latho-
machined parts Tor the transducer, front
plate, and posts. Some sxperience with
clectronic kit building and access to a
}1j] -impedance voltmeter and oscilloscope
iz also very helpful., However, much sim-
plﬂp approaches can be devised and the
latitude of tolerance on components usad
in the circuitry is so broad that it is
difficult to fail completely.

Depending upen Lhe rescurcclulness of
the builder and the contents of his tup
junkx-kox, the co%L will range Lrom SSC
downward for materials and Componettu.

he most oxperﬁlvc component is the 50-0-
50 micreoammeter listed in Allisd Industri
Electronices Catalog for 1371 at approxi-
mately 522, A1l the other zlectronics

components will run Less than $15 depend-
ing on hrand i quality. In our design
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The flask volume and the capillary
diameter are the major determinants of the
sysltem time constants, and the calibration
proccdure detailed later will show how we
measured this.

Figure [ iz a detailed schemallc of

the electronic circuit. 7The oscillator
for exciting the capacitance bridge is a

rodification of a standard Colpitts cir-
cuit shown in Refl, 1. The modification
consists of raising the resconant frequency
to approximately 30 kHz by changing the
tank circuit inductance to 1.0 mh ang
stepping up the output voltage by substi-
tuting a subminiature-driver-type audic
transfiormer for the emitter resistance

wn in the manual, The bridge resistors
R, and R, should be selectcd so that the
total redistance in each Loy (including
pna-half the balancing potenticmeter 1.7
equals the capacitive reactance of each

of the transducer halves at the exciting
freguency, This arrangement simply di-
vides the bridge exeiting voltages by
gealar two at the bridge outpuc. Alter
rectification, the DC voltage at the base
of qﬁ and 9. should alsc be approximately
onc-half thd LUl]UFLOf (cr balttery) volb-
age. S2inece it may be difficult to attain
the specified 200 pf eapacitance within
=20 percent, the execiting voltage may

be raiscd or lowered by changing R, to
make the DC voltage come oul right, The
halarncing potentiometer should he Iarge
enough in resistance value to crncompass

all systam imbalances and yet small ﬁnougﬁ
Lo provide a comlortable degres ol shaft
votation [op the desired resistance change.

lating diocdes D, and D, can
be any of nwrercus signal level silifon
diodes with a peak inverse voltage rating
of at least 30 volts, The [dilter capaci-
Lors at the input to the difilf-amp act to
hold the rectified voltage at near the

peak value of the AC voltage, The RC time
constant of this filter is negligibly small
cnrplr“d with the time constant ol the
flask and capillary, and pempits detect-

v fast envelops changss in Lhe

idge outpul.

The demod

The diff-amp in the comnon collector
or emitter follower configuration deoes not
provide any voltage gain bul acte as a
buf anplifier op impcdancp changing de-
vice between the relatively high-impedance
bridge Clriult and the very low 1mpﬁduﬂcu
ter. Any of numcrous audic type NF?
gilicon {ransistors having a current gain

20

(h,,) of fror 80 to 120, but preferably
rat8hed to within 10 percent may be i
B mwore expensive approach is to usc the
integrally-packaged pair cifically de-
signad for this type of diff-amp serwvice.
The advantage 1s lov drift in absolute
and relative goin with temperature excuy-
sipon., Silicon diodes and transistors are
they have smaller changes in
th temperature change.

uesdg osecausc
characteristics

The sensitivity changing switeh is a
S-pole, 3-position reotary which inecludes
the battery con-ofi switching. The two re-
sistors R, ard R should be calculated
from the Knrfwl“ r:;‘ measured moeter resist-
arice in ordsy Lo prosent a conslant im-
pedance leoad for the diff-amp output in
the two active switch positicons. In the
off pesition, the metoer is shorted Co pro-
vide neavy electromagnetic damping Lo pre-
vent needle motiorn. Our mcter has a re-
sistance of 1000 olims, but clher meter
moverents can be accommodated by charnging
R, and R, . in proportion toc the meter re-

o .
SiSthCH%U

Because all DC amplificrs drift some-
what with temperature changes, we have
provided a Tool-prool method of checking
the zero-sink or zero-center position of
the meter while in flight. This is accom-
plished by opening the by-pass valve
around the capillary tube. This in effect
removes the yrestriction of the capillary

and provides a much larger diameter passage

for air around the diaphragm thus equali-
zing the pressure on hoth sides. With the
valve open, Che balancing potentiometor
can be adjusted il necessary to bring the
meter Le zero position. Simply closing
the valve restores nermal operation.

While this trick does not insure con-
stancy of calibration, it does provide
assurance ol unequivical distinction be-
tween 1lift and sink, which we consider an
important feature of this design,

The valve is built inlto a plastic
block which also supports and terminates
the capillary tubing, The valve is con-

nected with Tygon tubing to the transducer,

[lask, and static line, The valve handle
is accessible at a position just behind
and below the instrument panel. The valve
block asserbly is shown projeclting to the
right in Figs. 1 and 2, TFigurec € shows a
scale drawing and some dimensions of the
design, Nothing is critical in’ this as-
sembly, excepl a reasonably good fit be-

p—
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| Transducer

J{ 200 ptd per side
T

i

IFIGURE 5 & NOMENCLATURE

i

A 50-0-50 Microampere Meter, l{) = 12,000 ohms, 0.5 watt
2.5 in. dia. nominal size -
F{_3 = 8,200 ohmas, 0.5 watt
B 14 volt battery of 11 Ni-Cad re- ’
chargeable cells, Eveready No. l(”_}, R:} 22,000 ohms 5% tolerance, 0.5
B225 (or equal) ’ watt
U Cl = L0 fd. 25 volt electrolytic RE, = 10,000 ohm, 2 watt potentiometer
’ Ohmite CUI1031 (or equal)
u CZ = 0.1 Id. paper or Mylar
: 1’{?, Rh 27,000 ohm, 5% tolerance, (.3
GB 0,047 {fd. paper or Mylar watt
R = 820 ohm, 0.5 watt
64’(‘:‘ 0.01 {d. paper or Mylar 9
5 !
R = 270 ohm, 0.5 watt
D,,D, = Diode IN457 L0
) .‘:'il = 3-pole, 3-position rotary switch
L] = 1 Mh Tl‘ldll(_'i.'.ana'.e, J.W.- .\’F\Htf‘l' &3 Calectro Cat. No. 2-165 {or
Type 70 103A1 (or equal) equal)
Q]'QZ’Q_‘_&_— Transistor ZN3569 'I."l Subminiature Audio Driver Trans-
~ former 2k: L0k lmpedance, Calec-
1\1 680 ohms, 0.5 watt tro Cat. D1-711 (or equal)
21

4
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valve rotor hore and

not etiflfen
gr’v ide :

to prevent 1iy:
ATUrEs.,
CALTBRATTION
we must introduce cl ntanry

rmulas to enable tha 11u|rhmtwd instpu=
ment builder to caleculate perfo
to better illustrate the o ’
ing some ol the design >dlane1[r as Lihey
bear on sensitivity, responsiveness, cali-

bration, ete.

iz o ar-
clinh
Uﬂ

The first problem wo address
= rats ol

rive at a relation hets
and volume rate of flow of
flask, We uscd a table of
ihe stancard atmosphere as o by
HACH (now TREA) in Ref. 2, In this table
the Lamperaturs, density, and viscosity,
amenyg othep properties, is shown for each
thousand Teet of altitude above sea level
up to 50,000 ft. The ratio of any two

22

adjacent counsities is a measure of how
much the EiL is cxpanded in ri&ing L0GO £,
cked the wrpanaioy ratio I
Savo an neights:  zoen 1 5
L0,000 ard 11,000 fL-'WJfWF nd :
Ft; 30,000 and 31,000 £t: 40,000 and
41,000 T, to see how the relation be-
hdvﬂb. It turns out Lo be non-linsar as
cne wmight expect, in that 14
= as the altituds incrsases, for the
. inerarent of 1000 L[t change. '
I.‘L,|1III to this oor-linearity a bit
For now, will calculate e vl
parsion ratic Lor the first L1000 ft
laval., From the table, woe fine
srisily of air at sea level p = 0.0C
s,-’r':.i- and at 1000 ft it is C.002210
f ver mind what the units
gqoing To divide the
or 9, Q02310 =
is a : » number
tne ratio of densities,
: - urtl

AT s

medrn

larger

o TMAass

d cur do _ To actually
now mueh the volwre per unit m
[i¢ volune ras increasced in

why the volune
Che flask is

Lance ﬁnly 1/

o1 Lhe same

By some eaply

[eternin
ilegquake seasd

#rd lUlP

st¢r|tﬁ
he
T

. cu in.

d Lo have our ;411 scale read]

the mosl senzitive positicn, i.e., 5 ft/
' flow proportionately
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5/16.67 x 0.0143 = 0.0043 cu in./sec 0.0152 cu in./din. = 3.54 sec/in
0.0043 cu in./sec  ~°7 0 Tooie

Thus, we have arrived at an air flow
rate to represent climbing at 5 ft/sec
which is a flow through the capillary
tube cof 0.0043 cu in./sec.

To make this a more comfortable time to
measure, and to enhance the accuracy of
measurement of time with a stop wateh,
we allow the flow to continue for a pre-
cise 10 in. We adjust the flow with the
needle valve so that the column of water
moves 10 in. in 35.4 sec., Actually this
is somewhat difficult and tedicus to do,
so that any stop-watch reading from 34 Lo
37 sec for a 10-in. flow will be good
enough for our purpcses with at most a
4-percent error. To maintain a constant
flow over a 35-sec period, the head of

Our calibration scheme involyes
simply pushing 0.0043 cu in./sec of
air through the capillary tube. The
transducer which responds only to a difi-
ference of pressure on its two sides caused
by air flow through the capillary does ndt
know or care whether it is actually climb-
ing or not. We arranged a flat pan of
water with relatively large surface area

as a reservoir to supply a contyqlled and water must not fall appreciably; hence,
cimed flow of water To a small diameter the use of a large surface area of reservoir
glass capillary tube. The rate of flow is advised. The meter will clearly show

is controlled by the fixed head or ele- the reduction in flow as the head falls,
vation of the pan above the horizontal and an average reading over the time in-
caplllary and the adjustment of a sensi- terval may be estimated.

tive needle valve., A convenient length
of glass capillary is 12 in. We used a
strip of a broken [lexible stecl tape

fastened to the glass tube with adhesive
tape. The scheme is shown in Fig., 7. A

Once the correct volume flow is es-
tablished the transducer capillary tube
selected by a cut-and-try process to
a full scale or 5 ft/sec resading on
meter. Taking advantage ¢f a suggestion

- made by Steve DuPont for the use of elec-
Transducer trical "spaghetti" tubing for capillaries,
i we used the plastic insulation stripped
AR of water I Trom hook-up wire as ocur capillary tube.

k | As mentioned before, the resistance to air
1 ;J1 i N s M flow through a capillary is directly pro-

i "mwmwumh[‘j £ . ‘ portional. to the length of the tube d;d

f%”? = e QL inversely as the fourth power of the in-
ho ff Y ternal diameter. The formula, credited
'ﬁ;ﬁ;l ﬂ Jf ?;ﬁ:ﬂ“ | Lo 19th century scientists Hagen and
s — Poiseuille, deseribing lamirar (nenturbulent)
I, flow throuch very small tubss for any gas

' or fluid is as fallows:

—
|

FIGURE 7 Where Ap = pressure difference, 1b/

sq in.

ith of capillary, in.

0 = volume flow rate, cu in./
sac,

W~ wviscosity, absolute,

tumed flow of watser through a known area
of tubing yields a measured flow rate of
displaced air. We us a glass lLube with

an inside diameter 0.139 in. cr 0.0152 _ Reyns. 1b-sec/sq i
sq in. inside area. ince voelume is equal ¢ = inside diameter capillary,

Lo ared times lencgth, we have a capillary ke
volume of 0.0152 cu in. » in, of tube
length. Thus, the time for the water [low

to displace 0.0152 cu in. is:
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Table 1 shows wire diameters, or in-
> diameters of capillaries, mads from
°+w1ppog wire insulabicn. The fourth
power of the inside diameter is alsc given.
Thus it is scen that a 4:1 change in diam-
eter from WG No. 18 Lo AWCG Ne. 30 will
effect a 256:1 change in Ap, with the
smaller tube providing the greater pres-
sure drop.

TABLE 1

Diameter
AWG Ho. in.) d d

26 0.016 6.55 x 10 °

that AWG 24 wire required
ngths of [racticnal dnches;
_,-.'.,_.‘G I"-IO. "’1 Thﬁ order of 2-to-:
i, RS uch easier to trim Lo
length. The gquestion of reduction of
diamcler with temperature drop was in-
zted and found to be nearly negli-

J AT 30,000-ft altitude the approxi-
maLuLy 100%F drop in temperature will de-
crease the df facltor by some 3 percent
for the 0.032-in. diameter tubs,

While the formula relating prossur:
drop to velume flow is nol essential
instrument, it
culakbe the actual pressurs
difference wo are scensing. We need only
e find 2 value for absclute viscosily of
air in Reyns, or lb-sec/sq in, units at
surface tempsrature, and assume some Cdp-
illary dimensions to plug intc the Tormu-
la. A relation between air viscosity and
Comperature sund in Rel. 3, p. 362,

strua LlU“ Lo o

4+ 3,62 x 10 77 "B, Reyns.

For a surface tomperature of 70°F, this

WorkKSs oul To:

o= 2064 x 10 lb-sec/sq in.

Assuming our 5 ft/sec climb; an air [low

rate of 0.0043 cu in./sec; and a-0.032-
in. dismeter capillary, 3-in. long, we
find:

=) o
b = (40:8)(2.64 x 107°)(3)(4.3 x 10 By
105 % 10°°

= 13,9 x 10 * or 0.00139 1b/cu in.
or 0,096 millibars
or 0.072 mm Hg

The instrument meter will readily show
climb rates and pressure differences of
1/25 of Lhis figure,

C very enlighlening to evaluate
the sult of small bul sudden changes of
temperature of the air in the [lask. As-
suming the transducer and clectronics are
in good working order, substitute an un-
insulated 1-pint tin can for the regular
flask. The mere touching of a finger toc
Lhe can will cause the ~dle to
swing almost dmmediately of scaie due to
heat expansion of the air in the can.
This experiment points cut the importance
Df ulfl LO”L LRfUldCLP” S0 fh?r changes

I
re

=
"_) |-|'|

,hm:r;
5111 caunged -_;y LLl
draw the ir - cry rapid
al rakbes will causc errors due Lo heat
stored in walls of Che Tlask. We have
f 1 grror, as do all vario-
sk systems that we know oI,
The assumption is made that modest climb
and descent rates permit the [lask 'l‘o aA5-
SIS e temperature of the air
in and out.

The +time constant c¢an be

Lhe set-up shown in Fig. 7. 1
should hawve Che same volume as Lhe ono
be used in the aircralt., With any con-
stant flow est;.zb]_‘.'_s'hpd which will cause
a relatively large meter-needleo
say half cr more Iull scale, the :
suddenly shut off at the petoock, with
simultaneous starting of a split-second
stop watch, The will dimmediately
start to drep hac ward zero. When it
has apparently reached zerc and all needle
motion has ely stopped, the stop
watch is simultanecusly stopped.  The
reading on the stop watch, which in our
of the ordsr of '3 sec, repre-

ast five "time constant" psr-

CA3E W

senlts at




iods and should be divided by five tc ar-
rive at the overall time constant for the
vario-flask system. Aclually, a 0.6-sec
time constant may be uncomfcrtably short
for many pilots since the meter neecdle
may dance wildly in rough air. A quick
Fix for this is to insert a small wad of
fiber-glass wcol in cne or both of the
nipples leading to the transducer. This
will slow the flow of air to the chambers
on either side of the diaphragm. Adjust
the response time up to 1 sec cor whatever
is personally comfortable.

Incidentally, we had difficulty per-
rorming this test on windy days (even in-
doors) because small pressure changes out-

doors caused very perceptible ncodle
swings; we were never certain when the

needle reached zero.

Other climb rates can be simulated
and checked on the meter by changing the
water-flow rate and, of course, the time
to traverse the 10-in. capillary. All
climb rates should be stricltly proporiion-
al to the water-flow raltes up to the maxi-
mum 25 ft/sec within reading limits and
accuracy of the scale-changing resistors
in the meter circuit.

Of course it should be appreciated
that this celibration represents only a
single condition of temperature, humidity,
angd pressure. The real-world conditions
with other ambient ranges will change the
apparent calibraticn of Lhis rather simple-
minded vario. A rigorcus treatment or
mathematical analysis of all Lhe nonline-
arities in the atmospheric structure, and
response of pnecumatic and electronic com-
ponents is quite beycnd the scope of this
project (and author), but we will point

i
(:
\

out soeme of the and causes for

YL Factors
Lhe vario straying from ths truth.

& principal error source is Lthe non-
lirear behavior of the expansicn cf the
air with altituds. At 20,000 ft the ex-
pansicn rate is 16 percent higher Chan at
sea level; at 40,000 It it climbs tc 49
percent higher than at sea level., This
effect is partially countered by the re-
duction of air viscosity with falling
temperature, At 20,000 ft the viscosity
has dropped 12 percent and at 40,000 it
it ds 20 percont lower Chan the surface
value. There is no change in viscosity
from ncar 36,000 ft to 100,000 £t be-
cause in the NASA Standard Atmosphere
the temperature is constant in this
region;

Jn
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Ancther effect that counters the in-
creased expansion rate is the falling
sensitivity due to reduction of transis-
tor gain with falling temperature. It
is quite possible that sophisticated
electronics additions could be made (at
higher cost) to inherently balance ampli-
fier gain with increased expansion ratio
with altitude. However, if this were done
on the basis of Cemperature drop alone,
the varic would be badly fooled on a cold
day at the surlface.

Since we believe that the exact cali-
bration at extreme heights is of somewhat
secondary importance, and that our vario
can probably be trusted to within £ 10 per-
cent up to 20,000 ft, we earnestly hopd
that others will build models and develop
Lhedir ocwn variants ol this concept. While
this project up to now has dealt princi-
pally with the development of a novel
method of measurement of climb rate, we
are now actively pursuing methods of sup-
plementing the basic device with audio
aids and total energy compensation. We
will keep you posted,
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