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IOCHEMICAL, biophysical, and other users of
conventional types of manometers have often
wished to measure volumes of gas changes
with a sensitivity far greater than the com-

monly obtained order of a cubic millimeter, without
having to resort to extensive changes in apparatus, to
microscope cathetometers, or to esoteric instrumenta-
tion. Small sensitivity gains up to onefold or so have
indeed been attained with conventional manometers by
the use of tilted manometer arms, eonfining fluids of
low-weight density (for example, hydrocarbons or oils
of D~0.7 g/em?), small experimental vessels, or,
what comes to the same, vessels filled with relatively
large volumes of liquid.

This paper shows how, with or without the afore-
mentioned minor devices, additional sensitivity gains
of 10- to 100-fold may readily be achieved with little
or no change in widely available commercial manome-
ters by appropriate use of hydraulic-leverage prin-
ciples (amplification by fluid geometry rearrange-
ment) combined with unusual moving-boundary in-
dices. The procedures to be described are remarkably
simple in both theory and practice and may be ap-
plied to both constant-(fixed) volume manometry and
free manometry (volume and pressure variable), in-
cluding volumetry. The open-arm, fixed-volume ma-
nometer made classic and universal by Otto Warburg
(1-5) is chosen to provide a basis for illustrating the
application of the hydraulic-leverage principles in-
volved and to provide an arbitrary standard of refer-
ence by which to judge the sensitivity magnification
obtained. Applications to a wide range of manometer
types will be readily evident, including differential
and compensation manometers and Cartesian diver
techniques (6—8). Finally, several new types of hy-
draulic manometers are described, including a general-
purpose manometer and a one-arm free manometer of
unique advantages in which paradoxically an increase
in the amount of confined gas results in a decrease in
pressure of the gas (sic/).

In the Warburg manometer (Fig. 1) a change in
amount, « (mm?) N.T.P., of a given gas in the re-
action vessel is equal to hk, where & (mm) is the re-
sulting, experimentally observed, vertical displacement
of the meniscus of the fluid in the manometer arm
open to the atmosphere when the meniscus of the con-
fining fluid in the closed arm is maintained at a fixed
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level (by means of the adjustable serew and fluid-filled
sac at the base of the manometer), and k¥ (mm?) is the
standard vessel constant parameter [(vg-273/T) +
vpo] /Py, v (mm?) being the volume of gas space in
the vessel to the level of the confining fluid in the
closed arm, vy the volume of liquid in the vessel itself,
o the Bunsen absorption coefficient of the given gas
in the liquid in the vessel, 7 the average absolute tem-
perature of the confined gas, and P, the pressure of
1 atm expressed in millimeters of confining fluid (for
example, 10,000 mm Brodie’s fluid of weight density
D =1.034 g/cm?, equivalent to 760 mm-Hg of weight
density D =13.60 g/cm?).

In the standard arrangement for operating the
Warburg manometer, 2 (mm) of confining fluid is a
measure of the change in pressure Ap induced by a
change of z (mm?®) gas kept at constant volume and
other conditions implied in the formula just given
for k. In the hydraulic-leverage arrangement described
here, for given values of z and k, h is further mag-
nified to a larger value H, with a corresponding and
reciprocally decreased smaller value of K, such that
z=hk=HK. The theoretical sensitivity magnification
may then be defined as M = H/h =k /K, so that H=hM
and K=k/M. M thus defined is, for constant-volume
manometry, independent of the attributes and events
of the manometer vessel (vg, vm @, T, P,, ) and de-
pends in principle only upon the leverage events and
arrangements in the manometer measuring arms (9).
In this last connection it is important to observe that
the upper end of the open manometer arm of virtually
all present-day commercial Warburg manometers con-
sists of, or may be readily made to hold, a wide and
even-bore reservoir 30 to 40 mm long, whose area A
(30 to 50 mm?) is some 10 to 100 times the area @
(0.5 to 3 mm?2) of the narrow, even-bore capillary with
which it is contiguous below (corresponding ratio of
radii, B/r =3 to 10).

Sensitivity magnification with constant-volume ma-
nometry. To set up the desired hydraulic-leverage ar-
rangement, two operations, each requiring a few sec-
onds, must be carried out: (i) the upper level of the
manometer fluid in the open arm is raised from its
normal position in the capillary into the even-bore
section of the reservoir and maintained there through-
out the experiment; and (ii) a bubble of room air
(or bubble of any suitable and convenient gas or im-
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miscible liquid) of length slightly greater than the
diameter of the arm ecapillary, is inserted into the
fluid in this capillary by means of a long and narrow
needle attached to a syringe or medicine dropper bulb
(Fig. 2). Short of gross mishandling, the static posi-
tion of the bubble in the capillary fluid is indefinitely
stable in accordance with the IXth Hydrostatical
Paradox of Robert Boyle. Such a bubble moves freely
and reversibly in response to changes in Ap or to turn-
ing of the adjustable screw pressing on the sac at the
base of the manometer. The movement of the bubble
is an accurate measure of both the volume and dis-
tance displacements of the confining fluid in the
capillary.

Any change in height 2 (=Ap) of the air-fluid in-
terface meniscus in the reservoir taking place as a
result of change x of gas in the experimental vessel
held at constant volume and temperature will be mag-
nified 4 /¢ times in the movement H of the bubble-
fluid interface in the capillary below, for the volumes
of fluid displaced in the capillary and in the reser-
voir must obviously be identical. Hence M=A4/a;
h(=Ap)=Ha/A; H=ApA/a=hA/a=hM; and K =
ka/A=1k/M.

To calculate x by the proposed reservoir-bubble
leverage arrangement, one merely multiplies the ob-
served displacement H by K, that is, x (= hk) = Hka/A
=HK. Although ¢ and 4 may be determined sepa-
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Fig. 1. Typical Warburg manometer and illustrative
vessel, arranged for operation at constant volume of gas
space; ¢ (mm?®) N.T.P. gas change =hk, where k= (v¢-
273/T + vpat) /Po.
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rately by mercury calibration in the usual manner,
only the ratio a/4 need actually be known for the
purpose indicated. The ratio a/4 may be ascertained
most directly, and in the course of only a few seconds,
by measuring the ratio of height change in the bubble
level in the capillary compared with that of the air-
fluid level in the reservoir when both levels are altered
simultaneously by turning the adjustable screw, pre-
ferably over as wide a range as possible, or by par-
ticular parts if need be. Such a determination of a/4
can obviously be carried out completely independently
of any attributes of, or events occurring in, the other
manometer arm or the reaction vessel—even during an
experiment if need be—and indeed may be determined
in the complete absence of the other arm and vessel if
one employs the original Barcroft-Haldane form of
Warburg manometer constructed with separable arms
(Fig. 3) (10-12).

The increased sensitivity of the reservoir-bubble
leverage arrangement calls for adequate thermobaro-
metrie control in order to achieve full theoretical sen-
sitivity magnification in practice, with minimization
of “noise.” Especially with extreme values of magni-
fication M it may be desirable, just as in conventional
manometry, to connect the open ends of the manome-
ter arms of the thermobarometer and all experimental
vessels via a manifold with pressure tubing or plastic
connections to 'a single 1- or 2-lit flask filled with
water-vapor saturated air and immersed in the ther-
mostat bath in order to eliminate sudden large or
variable atmospheric pressure changes that may ocecur
in some laboratories. In any event the thermobarome-
ter H correction must, at least where large, first be
multiplied by its relative a/4 value with respect to
the a/A value of each experimental vessel, for H val-
ues obtained by the reservoir-bubble arrangement are
not equal to, but only proportional to, » and Ap val-
ues, the proportionality constant being A /a. For this
reason, when manometers on hand are significantly
variable with respect to their a/4 values, it is desir-
able to choose for a thermobarometer a manometer
whose a/A4 value is mean or modal.

Although there is no theoretical limit to M short of
infinity, the chief practical limitation is set by the
closeness with which the meniscus of the inner-arm
confining fluid ecan be brought each time to the same
constant-volume level. For conventional level setting
by hand and eye (with or without hand lens), the
effective limit of M is reached at values of — 15 to
30, depending upon the manometric fluid employed,
cleanliness of the arm’s inner glass wall, setting speed
required, replication of settings permissible, and so
forth. To obtain practicable M values above this limit,
it is necessary to set the closed-arm confining-fluid
level with the aid of optical, electric, or other devices.
One such device is the adjustable screw at the base
of the manometer, which can be used as an approxi-
mating vernier; the angular turn of the screw may
be calibrated, with a suitable scale, against the fluid
movement in the outer arm, and then be employed to
compensate for the latter movement, by a series of
approximations if necessary.
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It may well be that M values somewhat less than those
provided by the a/4 values of manometers on hand will
be desired, especially where a is very small (r=0.4 to 0.2
mm for E =3 to 5 mm). Such intermediate magnification,
or in effect “demagnification,” can be attained and regu-
lated at will by the use of glass rods of known cross
section appropriately suspended into the fluid in the open-
arm reservoirs, with consequent decrease in effective 4
values and, hence, a/4 values. Capillarity considerations
here, as throughout this paper, offer no problem, since
only changes in capillarity dependent on z would be in-
volved and these are, or should be, zero.

Sensitivity magnification and demagnification can also
be regulated conveniently by appropriate use of a second
manometer fluid of density d, smaller than the density
D of the main manometer fluid. The lighter fluid, immis-
cible with the denser and preferably nonvolatile, non-
toxie, and odorless, is floated on top of the denser fluid
in the ecapillary of the open arm up into the even-bore
section of the reservoir, The change in height H’
of the boundary between the two fluids is now ohserved
instead of H of the bubble employed before. In this two-
fluid method, Ap, for given values of # and ¥, is no longer
equal to the change in height of the fluid in the reservoir
but is given by Ap=H'D-H'd+H'(a/4A)d=H'[D-d
(1-a/4)]. From this, and the faet that correspondingly
in the one-fluid method Ap =hD, it can readily be shown
that for z=hk=HEK=H'K’, K'=k[D-d(1-a/4)]/D,
and M =k/K'=D/[D-d(1-a/d)].

Thus M increases, not only as a/4 decreases, but also
as (D —d) decreases. In the limit of d=D, K'=K =ka/4,
as with the bubble method before, so that, whether one
employs the bubble method with one fluid or the boundary
method with two different fluids of equal density, the
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Fig. 2. Warburg manometer arms with reservoir-bubble
arrangement for hydraulic magnifieation of sensitivity at
constant volume of gas space: £ N.T.P. gas change=hk =
Hk - a/A4 = HEK, where K =ka/A, and the sensitivity mag-
nification M =H/h=A4/a=k/K.
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theoretical result of complete dominance of sensitivity
magnification by a/4 remains the same. In the limit of
d=0, M =1, which must be true since there is then no
liquid in the reservoir. In the limit of a=4, M =1 also,
and there is likewise no sensitivity magnification, because
the diameters of the capillary and the reservoir are the
same, and a difference between a and 4 is a sine qua non
for sensitivity magnification of M > 1, regardless of any
relationship D/d.

Finally, in the limit of a/4 approaching zero (attained
by either decreasing a or increasing 4 indefinitely), M
approaches D/(D —d). This is important because it in-
dicates that with even reasonably small values of a/4
(0.05, 0.02, 0.01), sensitivity magnification can also be
regulated in a quite practical way, over a very wide range,
virtually by density difference alone.” Thus, if d=0.99D
(which is easy to arrange, experience shows), then M =
100; if d=0.9D (as with Brodie solution-isoeaproie acid
combination), then M = 10; and if d=0.66D (as with
Brodie solution-hydrocarbon combination), then M = 3,
the exact M values being determinable in any event by
the empirical method indicated earlier for the bubble
method.

Sensitivity in conventional free manometry (equal
capillary areas, no reservoir bubble). In conventional
free manometry with the Warburg-type manometer,
the confining fluid in the closed arm is not maintained
at a constant level but is allowed to move freely
against constant external pressure, atmospheric or
otherwise. The volumes of manometric fluid displaced
in the capillary sections of the open and the closed
arms are exactly equal. The respective distances of
fluid displacement are also equal if the areas a and a*
of the open- and closed-arm capillaries are also equal,
as they usually are, to a close approximation (other-
wise the respective heights would obviously be in in-
verse ratio as the areas). The adjustable serew below
the capillaries is left untouched throughout the experi-
ment, often in its most extended position, where it
then exerts no pressure on the sac containing the re-
serve supply of confining fluid.

A change of z (mm?) N.T.P. gas in the vessel
causes not only a change of gas pressure Ap* but also
a change of volume of confined gas space ah®, where
B* (mm) is the displacement of confining fluid in
either of the equal-arm capillaries. Owing to the gas-
space volume change in free manometry, Ap* is never
as great as, and often much less than, Ap in constant-
volume manometry, for given values of x and k. When
the fluid movement is confined, conventionally, to the
(equal) capillary sections of the manometer arms,
Ap* =2h*. The corresponding conventional free ma-
nometry “vessel eonstant,” k¥, may readily be shown
[following partly Warburg (1, pp. 9-12) and Dixon
(3, pp. 26-32) but necessarily deviating therefrom
when Ap* of frce rather than AP of differential com-
pensation manometry is involved (13)] to he k* = z/h*
=2k+ (a-273/T’)[(P +2h*) /P,], where T” is the ab-
solute (room) temperature and P the initial pressure
of dry gas confined in the closed-arm eapillary just
above the manometrie fluid level; P is as a rule so
nearly equal to P, and the term 2h* so small compared
with P and P, that the expression in brackets may
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be neglected with usually much less than I-percent
change in the calculated value of k¥, so that the vessel
constant normally employed reduces to simply k* == 2k
+(a-273/1").

Sinee &* thus always exeeeds 2k (hy the quantity
a 273 T’y ard hk=h k , 2k is thas always less than
h, and Ap =2k is always less than Ap = h. This means
that in conventional free manometry (that is, without
adjuvant use of the reservoir-bubble arrangement)
there is usually a considerable loss or demagnifiedtion
of sensitivity as compared with constant-volume ma-
nometry carried out under otherwise identical condi-
tions, the more so when a is made large compared
with k; a and & are commonly of the order of 1 mm?
each, so that frequently k* =3k and therefore h*/h
= 14, and then if one reads one manometer arm eapil-
lary only, the sensitivity in conventional free manome-
try, as judged by the observed fluid displacement per
change in amount of gas, k/x, will be ~ 13 as great as
in conventional constant-volume manometry, for given
values of x and k, and if one reads hoth arms, 2/3 as
great. Frequently employed values of a and k differ-
ent from 1 mm? could obviously readily make the
respective values 73 and 2/3 either much smaller or
somewhat greater but obviously never greater than 14
and 1 as respective maximum limits. To obtain these
limits of maximum sensitivity, a must be made very
small compared with &, so that £* == 2k, and Ap* = Ap,
and therefore 2k* = h. Since values of a as small as
0.05 mm? (capillary diameter ~ 0.25 mm) are feasihle
of construction and workable in lahoratory practice,
k¥ can thus he made to equal 2k within a few percent,
and similarly 24 = h.

The usually considerable decrease in sensitivity in
conventional free manometry, which has always been
qualitatively evident to the bench experimentalist even
without the algebraic working out of the simple vesse!
constant k* given in the preceding paragraphs, is the

Fig. 3. The historie (1902) Barcroft-Haldane manometer
and vessel type (10).

22 OcCTOBER 1954

chief reason why free manometry has so seldom been
employed and indeed rarely been taken cognizance of
without unnecessarily complicated formulation (14,
15). Nevertheless, free manometry possesses several
very d finite advantages not possessed by constant-
volume marometry that would be hizhly desirable to
retain it po. sible. Froquent resetting of the elosed arm
fluid to constant level—with attendant error, uncer-
tainty, inconvenience, and time requirement—is no
longer required in free manometry, and a given ex-
perimental observation requires a single reading taken
on one arm only. Free manometry thus lends itself
much better to automatic and continuous recording
[long a desired but seldom attained object in constant-
volume manometry (16)] and also to following time
courses of rapi'_d teactions (77, 18) without the dis-
turbance of leveling adjustments. It is worth while,
therefore, to examine whether simple hydraulie-lever-
age arrangements may be devised for free manometry
that will overcome the disadvantage of usual lowered
sensitivity and yet retain the other marked advantages.

Free manometry with equal capillaries and open-
arm reservoir. If to conventional free manometry with
equal capillaries is added the open-arm reservoir-bub-
ble arrangement deseribed earlier in connection with
constant-volume manometry, then the fluid-volume dis-
placements are equal not only in the eapillary sections
of each arm but also in the reservoir, whereas the fluid-
distance displacements will vary inversely with the
area a of the capillaries and the area A of the reser-
voir. For given values of a, z, and % the fluid-distance
-displacements in the capillary sections will be greater
than those obtained in conventional free manometry
without the employment of the reservoir, by, as shown
here, a maximum limit of twofold, and therefore like-
wise (as indicated in the preceding section) twofold
the sensitivity obtained in conventional eonstant-vol-
ume manometry. The mathematical formulation with
the open-arm reservoir arrangement is similar to that
given in the preceding section for the case without tke
reservoir, with substitution of H*, K* and 4 for h*,
k*, and u (H", like b*, referring to the equal fluid-dis-
tance displacements obtained in either the closed- or
the open-arm ecapillary, being observed in the latter
instance by means of the bubble movement). The
pressure change AP* no longer equals 2h* but now
equals H*(1+a/A), whence K*=x/H*=k(1+a/A)
+(a-278/7") {[P+H*(1+a/4)]/Po} =k (L+a/A)
ra-273/1". When a/4 is very small, K* ==k +a - 273/
77, and, when ¢ itself is very small compared with %,
then K* = k. This means that in free manometry with
adjuvant use of the open-arm reservoir-bubble system
the sensitivity, as judged by total fluid displacement
per z change in amount of gas, can be made to ap-
proach as a maximum limit twice that obtained in con-
stant-volume manometry (K* ek, K*H*=kh, 2H*=
2h), if one reads both arms (bubble displacement in
the open arm and gas-fluid interface displacement in
the closed arm), just as one reads two arms in con-
stant volume manometry. On the other hand, reading
the closed arm only, the sensitivity of free manometry
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with the reservoir approaches as a maximum limit
the sensitivity of the constant-volume manometer
(H* = h). Experience shows that both of these mano-
metric procedures (use of open-arm reservoir, with
or without bubble) represent very practical types of
free manometry that can satisfactorily replace conven-
tional constant-volume manometry without any eon-
structional change in widely available manometers,
without disadvantage with respect to order of sensi-
tivity (in fact with some real gain if the open-arm
bubble is also observed), and with retention of the
afore-mentioned advantages of free manometry over
constant-volume manometry!

The open-arm reservoir-bubble procedure with equal
capillary free manometry still fails, however, to pro-
duce the great gains in sensitivity magnification M
that have been shown to be possible when applied to
constant-volume manometry. To accomplish this, sev-
eral hydraulic-leverage arrangements are proposed, all
of which require small modifications in the standard
Warburg manometer. The modifications may, as one
chooses, be temporary or permanent, and laboratory-
or eommercially-made. The sensitivity magnification
obtained will be intermediate (up to one order) or
high (beyond one order) depending upon whether, re-
spectively, different-sized capillaries or two reservoirs
are employed. The last-named device is considered first
since equal capillaries are still involved.

High-sensitivity magnification in free manometry
with equal capillaries and two (equal) reservoirs. The
general condition of Boyle, PV =a constant, must be
satisfied for any given value of x at constant tem-
perature. To obtain maximum sensitivity magnifica-
tion in constant-volume manometry, one must maxi-
mize AP by minimizing the change in gas volume so
that AV ~ 0. To obtain maximum sensitivity magnifi-
cation in free manometry, it is conversely necessary
to maximize the volume change by minimizing the
pressure change so far as possible. This can be most
effectively accomplished by constructing, as in the
Braun-Fritzsching duplex manometer (19), a second
reservoir at the top of the closed arm of area and
height the same as that of the reservoir at the top of
the open arm. The greatly increased area A of the
added closed-arm reservoir, compared to the area a of
the capillary contiguous below, will then operate in
such a manner that a given change in amount of gas
« will induee equal displacement of volumes of mano-
metric fluid in the reservoirs and in the capillaries of
both arms; but the total pressure change indicated by
the algebraic sum of the fluid-distance displacements
in the two reservoirs will be very small, even though
not reducible to zero. At the same time the fluid-dis-
tance displacements in the capillaries, which may be
readily followed and measured in either or both capil-
laries by means of inserted air bubbles, will be rela-
tively large but will involve of themselves no net
change in pressure since the heights and amounts of
fluid in the capillaries will remain unchanged, even
though the bubbles are moved. The fluid-distance dis-
placements in the capillaries and in the reservoirs will
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vary inversely with their respective areas a and 4, for
given values of x and k.

To obtain greatest minimization of pressure change
clearly requires the employment of both reservoirs,
since if use is made of only one, a considerable and
undesirable change in total height of fluid will oceur
in the other arm and, hence, a considerable change in
pressure of the confined gas per change in . Reser-
voirs in free manometry may be regarded as deviees
to reduee or minimize the positive magnitude of AP /x
and, for maximum effect, must obviously be present
and active on not just one but both arms. In constant-
volume manometry the use of a closed-arm reservoir
is superfluous and eannot provide any gain in sensi-
tivity magnification M, sinee upon continued resetting
of the bubble to a constant mark no pertinent change
in the closed arm is ever developed (19).

The change in gas pressure AP** induced by a
change x, with the two-reservoir arrangement, may
be measured and expressed in terms of the two
observed equal-capillary fluid-distanee displacements
H* and the two different areas ¢ and A involved:
AP**=H"a/A+H**a/A=2H"*a/A. Then, similarly
as before, K**=a/H"" =2ka/A+ (a"273/T")[(P+
2H"*a/A)/P,] = (2ka/A) + (a" 273/1"), and if a/4
is made very small then K** = ¢ 273/7”, and when o
itself is made very small, K** approaches zero and
the theoretical sensitivity magnification, M =k/K** =
H** /b, approaches infinity! In practice, however, ca-
pillaries of diameter less than 0.25 mm, corresponding
to area values of o less than 0.05 mm?, are too difficult
or (in aecordance with Bernoulli’s theorem) too slow
to work with (20, 21), so that sensitivity magnifica-
tion values reach a practical limit in equal-reservoir,
equal-capillary free manometry of M =%/(0.05) = 20
per each manometer arm (40 per both together), for
normal & values of the order of unity, and greater or
less than 20 (or 40) when % is greater or less than
unity—that is, greater when vg/vy is inereased and
less when @, P,, and T are increased. In any event
practical, high M-values are readily attainable in suit-
able two-reservoir free manometry that equal or even
surpass those earlier indicated as obtainable in prac-
tice in constant-volume manometry, namely, 15 to 30.
Such magnifications will frequently be far more than
desired and more than adequate to uphold the maxim
of seience that to increase sensitivity by an order of
magnitude (~10-fold) is to open new worlds for
study.

Experience and calculation show that, for maximum
practical effect in any type of hydraulic-leverage mag-
nification arrangement applicable to ordinary commer-
cially available manometers, the arm reservoir area A
need seldom be greater than the areas obtainable with
diameters of 6 to 10 mm (4 =30 to 75 mm?) unless ¢ is
exceptionally large (> 3 mm?; diameter > 2 mm). With
small values of a (which are preferable in order to obtain
small values of a/A4), the heights of the even-bore sec-
tions of the reservoirs need be only a few millimeters,
and the total volume of the reservoirs less than 1 cm?.
Caleulations based on the equations for K** given in the
preceding paragraph will also show that capillaries of
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area ¢ 1 mm? and greater will seldom yield high magnifi-
cation (M » 1) in two-reservoir free manometry, no mat-
ter how large the reservoir area in the expression for
K** is made, since the a - 273/1” component of K** then
always amounts to at least ~ 1 and, hence, values of
k/E** =M ~1 (19), except in the unusual cases when
k» 1.

Ordinarily, therefore, for high M values with equal-
capillary free manometry, not only are two reservoirs re-
quired but also values of a somewhat less than 1 mm?®
down to a practical limit of, say, 0.05 mm?® However,
there yet remains another series of hydraulic-leverage ar-
rangements whereby it is possible in free manometry to
obtain intermediate, even if not high, values of M, and
these arrangements do not definitely require either of the
two particular reservoirs just deseribed or any permanent
alteration of the glass construction of available manom-
eters such as is involved when one adds the second reser-
voir to the closed arm of a manometer at hand. In the
three-arm manometers deseribed here, use is made of or-
dinary unaltered commercial Warburg manometers of
large capillary bore to which is added a third arm of
either of two types (vertical or horizontal), of very small
capillary bore, in a form that is optionally removable or
permanent and can be made in the laboratory or commer-
cially.

Free manometry with unequal capillaries. Although
in fixed-volume manometry a difference in capillary
area between the open and closed arms is of no notable
consequence for fluid-distance displacement changes
observed in the open arm, the scope of free manometry
can be greatly extended by the use of capillaries with
markedly unequal areas in conjunction with either
one or two reservoirs. The use of one reservoir alone
with two unequal capillaries ean be made to yield high-
sensitivity magnifications nearly as striking in prae-
tice as those obtained with two reservoirs and equal
capillaries already described. This is true because
marked inequality between ecapillary areas is alge-
braically equivalent, and therefore under properly
chosen conditions nearly numerically equivalent, to
inequality between reservoir and capillary areas. This
situation makes the construction of the second reser-
voir unessential to obtaining large M values in free
manometry of some form or other and leaves as alter-
native the construction of a manometer with one fine
capillary arm, preferably the open arm since a reser-
voir is more easily mounted thereon, and a bubble in-
serted therein.

With the manometer arrangement just indicated—
open-arm reservoir, small capillary, and bubble—the
change of gas pressure in the confined space is given
by the sum of the algebraic fluid displacements in the
open-arm reservoir and in the closed-arm capillary,

thus, AP=Ha/A + Ha/a*=H (a/A +a/a*), where H
is the measured bubble distance displacement in the
open capillary, ¢ and A are (as before) the areas of
the open-arm fine capillary and reservoir, respec-
tively, and a:is the area of the closed-arm capillary.
Then K = x/H = k(a/4 + a/a*) + (a - 273/T") {[P +
H(a/A+a/a*)]/P,} =k(a/A+a/a") + (a"273/T").
(This equation also covers the more general situation
of two reservoirs and unequal capillaries if a* is re-
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garded as the area A* of the confining fluid in the
closed-arm reservoir rather than the closed-arm eapil-
lary to which it is algebraically equivalent).

With practical values of ¢=0.05 mm? (diameter,
0.25 mm), ¢*= 3 mm? (diameter, 2 mm), and 4 =50
mm? (diameter, 8 mm), K == k(0.05/50 + 0.05/) +
0.05 == 0.066 for & of unity, so that a sensitivity mag-
nification value of M=K ==1/0.066 =16 is readily
feasible, based on reading the bubble movement in the
one arm only and without any resetting to fixed vol-
ume in the other arm. Since ¢* could be made still
larger, and hence M also, the practical limit of sensi-
tivity magnification is largely governed, under these
conditions, by the single magnitude a = 0.05, or M =
20! One has attained here, in essence, a volumeter
operating at virtually constant pressure.

Warburg-type manometers with markedly unequal
capillaries of the order of the dimensions just indi-
cated would make excellent general-purpose manome-
ters for both free and fixed-volume manometry, either
with or without high-sensitivity magnification (with
or without actual use of the reservoir-bubble arrange-
ment). The unequal capillaries would offer no essential
disadvantage for ordinary, conventional fixed-volume
manometry but would open up a whole field of here-
tofore unenvisaged possibilities for free manometry.
The widespread scientific utilization of such a type of
all-purpose hydraulic manometer with two reservoirs
(Fig. 4) deserves highest recommendation.

In the absence of such manometers at hand, it is
possible to convert, in the laboratory or otherwise, the

Fig. 4. Hydraulic general-
purpose manometer designed
for equally efficient use in
either constant-volume mano-
metry, free manometry, vol-
umetry, or (Fig. 5) one-arm
manometry, with either high-
sensitivity magnification or
conventional sensitivity: A4
and A4* are areas of outer
and inner-arm  reservoirs,
~30 mm? (diameters ~ 6
mm) ; a is area of outer-arm
capillary of diameter option-
ally variable between, say,
0.25 to 2 mm; and a* is area
of inner-arm eapillary of di-
ameter optionally variable
between, say, 1 to 2 mm. The %T | |
customary graduations (not

shown) of the capillary arms — Ekg?sj:féc PLATE
are extended to the tops of SCREW
the reservoirs, and mano- —

meters with outer arms grad-
uated over the range 0 to
500 mm may be mounted on
standard commercial manometer backs normally support-
ing standard Warburg manometers of conventional range
0 to 300 mm. Outer and inner arms are readily separable
and interchangeable at the fluid-sac juneture, permitting
a wide range of K values dependent upon variable values
of a/a*, a/4*, a*/A4*, and so forth.
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conventional, equal-capillary Warburg manometers
into volumeter forms (three-arm manometers) that
are equivalent to those with capillary inequality, two
types of which are briefly described and analyzed.

To the open arm of an ordinary Warburg manometer
filled to the top of the reservoir with manometrie fluid,
there is attached (by pressure tubing, plastic tubing, or
glass ground jointing) an inverted, graduated, fine cap-
illary U-tubing that rises and then descends, as a third
manometer arm, the parallel length of the two other arms,
to dip into an open reservoir filled with manometric fluid
whose level is conveniently about that of the bottom of
the two other arms. By means of the adjusting screw (or
otherwise) the fluid in all three arms is made continuous
except for insertion of a small air bubble in the U-tubing.
This bubble may be inserted by lowering the reservoir
fluid level momentarily below the end of the U-tubing
and allowing a short length of air columu to enter, with
the aid of regulation by means of the adjustable screw.

The mathematical treatment is the same as is given in
the preceding section, with a and 4 referring now to the
areas of the capillary U-tubing and the test-tube reser-
voir, respectively. 4 can be made so large (several centi-
meters in diameter), if desired, that the term a/4 in the
formula for K drops out. The U-tubing can be made to
extend far above the top of the manometer, and the bub-
ble movement can be followed and measured over the en-
tire length of both sides of the U-tubing, so that the scale
length of fine capillary can be increased to several times
the conventional scale length of 300 mm. It is possible to
arrange for a series of machine-drawn capillary U-tubes
of different areas, in order to obtain different values of
sensitivity magnification desired (for example, 20, 10, 5).

A horizontal three-arm manometer variant consists
merely of a long, graduated, fine capillary, attached to
the second arm reservoir, as in the foregoing instance,
but mounted horizontally. Fluid-distance displacement H
readings are made simply at the end of the manometer
fluid column in the fine capillary of area a, or optionally
with an air bubble, or even with a small liquid bubble in
an air column. The horizontal arrangement is perhaps
geometrically less satisfactory, but experience shows that
it is not without interest for the manometric hobbyist.
Mathematically the term a/4 in K is eliminated alto
gether, since the only hydrostatic pressure change involved
occurs in the confining arm only and no longer at all in
the middle or open arms, as is otherwise the case to some
degree in all other arrangements previously described.
K is now simply K=ka/a*+ (a-273/T’), and @ more
than ever is the main determinant of sensitivity and sen-
sitivity magnification. This brings us to the most remark-
able type of hydraulic free manometry, in which neither
a nor k aloune, nor the sum of these invariably positive
quantities, is the main sensitivity determinant, but their
difference is.

One-arm, “paradox” free manometer. In all the
manometric procedures considered so far, either with
or without hydraulic leverage, an increase in amount
of confined gas has caused an increase in pressure in
practice, and never less than zero change in theory
(volumetry), regardless of the number of arms per
manometer or whether any of the arms are vertical or
horizontal. When, however, an odd number of arms
per manometer is involved (1, 3, or 5, and so forth),
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with the confining meniscus area A* greater than area
a* of the open, terminal arm capillary declined at any
angle greater than zero, preferably 90° for maximum
effect, a truly astounding paradox and exeeedingly
useful result is obtained, invariably occasioning upon
first acquaintance therewith by orectic hearers, tem-
porary total disbelief: increases in amounts of con-
fined gas cause notable decreases in pressure (Ap
negative!), and vice versa. The vertical, one-arm,
manometer with hydraulic confining reservoir (Fig. 5),
but no terminal reservoir, is the most striking and sim-
plest example to consider in detail.

In such a manometer, initially adjusted with mano-
metrie fluid in both the reservoir and capillary sections
of the arm, a positive production of gas z in the vessel
causes an increase in volume of confining gas space
Hia*, where HY is the observed vertieal lengthening
(mm) of the fluid column in the capillary section of
the arm as measured by the downward movement of
the lower (hanging) meniscus in the capillary. Had
there been, initially, fluid in the capillary portion only
and none in the reservoir, there would have been col-
umn displacement without lengthening, and the in-
crease in gas space would have been smaller than
Hta*, and the pressure change in the confined gas
would have been, as in ideal volumetry, zero. The ob-
served lengthening takes place as a result of the effect
of the hydraulic factor 4*/a*, but, contrary to all
manometric arrangements considered previously, it
does so not against, but in the same direction as (with),
gravity, which acts as an added force to inerease the
gas space change. Since the opposing upward and
downward pressures at the level of the hanging menis-
cus in the capillary section are always equal, atmos-

W: =

Fig. 5. Working model of the hydraulie, one-arm, “para-
dox” free manometer derivable from the hydraulic gen-
eral-purpose manometer (Fig. 4) merely by removal of
outer arm therefrom.
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pherie (P4), and unchanged by any change in x, and
since the eolumn length has been increased by a depth
(not height) — fH7Y, it follows that the final pressure
P; of the confined gas has been decreased compared
with the initial pressure P; and that the change in

pressure AP7 has been negative, AP7= (P - P;) —
(Py—-P;) =Py - Py=~ fHi < 0, where the terms
(P4—P;) and (P, — P;) refer to the initial and final

hydrostatic pressures of the column (22). Obviously,
with allowance for the shortening of the column in
the reservoir, whose movement is opposite in sign from
that in the eapillary, APT=— Hi + Ha*/A*=-H¥(1-
a*/A%).

From this expression for AP7 it follows that the
vessel “constant” of the one-arm manometer is Kt =
w/Hi =—k (1 -a*/4%) + (a* - 273/T"){[P - HT(1 ~
a*/A*)]/P,}, and no longer represents a sum but a
difference of the two terms in @ and k, as earlier adum-
brated. This eircumstance allows Kt to become smaller
than the o term previously limiting high-sensitivity
magnifieation in free manometry. Positive values for
Kt may decrease to zero and M =k/Kt may approach
infinity. This yields the important practical result of
eliminating the necessity for very small values of a,
which may now be of the same order as k& (say 1 to 2
mm?), with the very important added advantage of
eliminating the slow response involved with small
capillaries and at the same time retaining the main
merit of free manometry, namely, no requirement for
continual resetting to counstant volume.

It is evident from the expression given for K+t that a
wide range of possibilities, impossible to detail here but
interesting to work out numerically and algebraically,
offer themselves for obtaining any desired value of KT
and of M =k/Kt by varying the main components of
1:(vg, e, D), or A* and a* (relative and absolute values),
or the initial height of the capillary-reservoir column that
will affect the value of P, which is obviously always
slightly below the prevailing atmospheric pressure P,,
and which must, like Ht, be given due consideration when
Kt is small. The initial height and stability of the capil-
lary-reservoir column may be governed technically by
means of a sae and screw clamp attached to the stopcock
at the top of the manometer, or in various other ways
unnecessary to detail here (23).

The eventual limitation to the use of the one-arm man-
ometer is reached at high M =¥k/Kt values where small
Kt values may not retain sufficient constancy over a wide
range of observed HT values. Since the exact formula
given for K+t contains the then no longer minor variable
Ht term, at small value of Kt (small differences between
the terms in a and %), the expression within K% in the
braces can no longer be neglected as it could be in all
previously reported approximation formulas for free
manometry vessel constants, where a and ¥ were additive
in a positive sense only. This eventual limitation becomes
especially significant when a*/4* is made small so that
values of Ht/P, for values of Ht =100 to 300 mm may
then amount to an appreciable fraction of the entire
term in a and, hence, in Kt when the latter is, say, 0.05
or less (M ~ 20). At this extreme range, the evaluation
of Kt as a function of HY will obviously require careful
attention, involving some form of calibration (calculated
or empirieal), but this will be well worth while in view of
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the high speed of manometrie fluid response to changes in
% obtainable with one-arm manometry as compared with
other highly sensitive forms of free manometry. More-
over, since high sensitivity is involved here, small values
of Hi will frequently be sufficient for problems at hand;
indeed the H7t values obtained may alternate plus and
minus in sequence, as is commonly the case in problems
such as photosynthesis, where H values of +10 mm per
light-dark cyele may be entirely adequate, so that values
of M ~ 100 could be obtained with satisfactory constancy
of Kt as a function of Hft.

It is a pleasure to acknowlédge many helpful sug-
gestions received from Jerome Cornfield, Erwin Fritz-
sching, Jehu Hunter, Hilton Levy, Alan Mehler, Rich-
ard Schnier, Walter Slavin, Mark Woods, and the un-
known referees. We are indepted to E. Machlett and
Son, New York, for constructing and making avail-
able working models (23) of the general-purpose and
one-arm manometers (Figs. 4, 5).
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News and Notes

International Instrument Congress

The wide scope and large size of the 1st Interna-
tional Instrument Congress and Exposition, held under
the auspices of the Instrument Society of America in
Philadelphia, 13-24 Sept., afforded more than 23,000
persons a unique opportunity to view at first hand the
intensive activity that characterizes the present-day
field of instrumentation, to observe trends and to eval-
uate the impact of these trends on individual areas of
interest. Although this was actually the ninth in an
annual series of instrument conferences and exhibits
of the Instrument Society of America (the 1st Instru-
ment Conference and Exhibit was held in Pittsburgh
in 1946), it was the first in which foreign countries
were especially invited to participate. More than 70
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foreign firms were represented in the exhibit; the
number of foreign visitors is not vet known but was
certainly well into the hundreds.

Official recognition and encouragement of this in-
ternational participation was provided by two resolu-
tions passed in the U.S. Congress and approved by the
President. One resolution permitted articles imported
from foreign countries for the purposes of this exhi-
bition to be admitted without payment of tariff, and
the other authorized the President of the United States
to invite the states of the Union and foreign countries
to participate in the congress and exposition. In ac-
cordance with this resolution, President Eisenhower
issued a proclamation and then went further to sig-
nify his endorsement of the congress and exposition
by sending a letter to the president of the Instrument
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