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BIOCIIEMICAL, biophysical, and other users of 
con~~entionaltypes of manometers have often 
wished to measure volumes of gas changes 
with a sensitivity f a r  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 instmmenta- 
tion. Small sensitivity gains up  to onefold or so have 
indeed been attained with conventional manometers by 
the use of tilted manometer arms, confining fluids of 
low-weight density (for  example, hydrocarbons or oils 
of D -0.7 g/cin3), 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 nlay 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) voluine 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 f o r  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!). 

I n  the Warburg manometer (Fig. 1 )  a change in 
amount, x (mm3) N.T.P., of a given gas in the re- 
action vessel is equal to hk, where h (mm) is the re- 
sulting, experimentally obse~ved, 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 a t  a fixed 

level (by means of the adjustable screw and fluid-filled 
sac a t  the base of the manometer), and k (mm2) is the 
standard vessel constant parameter [ (vG 273, T) + 
vpaj/P,, vG (mm?) being the volume of gas space in 
the vessel to the level of the confining fluid in the 
closed arm, v~ the volume of liquid in the vessel itself, 
a the Bunsen absorption coefficient of the given gas 
in the liquid in the vessel, T the average absolute tem- 
perature of the confined gas, and Po the pressure of 
1atm expressed in millimeters of confining fluid (for 
example, 10,000 inm Brodie's fluid of weight density 
D = 1.034 g/cm3, equivalent to 760 mm-Hg of weight 
density D =13.60 g/cm3). 

I11 the standard arrangement for  operating the 
Warburg manometer, h (mm) of confining fluid is a 
measure of the change in pressure A p  induced by a 
change of r (mm3) gas kept a t  constant volume and 
other conditions implied in  the formula just given 
for  lz. I n  the hydraulic-leverage arrangement described 
here, fo r  given values of x and k ,  h is further mag- 
nified to a larger value H,  with a corresponding and 
reciprocally decreased smaller value of K, such that 
x = hlz =HI<. The theoretical sensitivity magnification 
may then be defined as ilZ = H / h  = k / h 7 , so that H = hi71 
and I< = k / M .  171 thus defined is, f o r  constant-volume 
manometry, independent of the attributes and events 
of the manometer vessel (vc, vF, u, T,Po, x) and de- 
pends in principle only upon the leverage events and 
arrangements in the manometer measuring arms (9) .  
I n  this last connection it is important to observe that 
the upper end of the open manometer arm of virtually 
all present-day commercial TITarburg manometers con- 
sists of, or may be readily made to hold, a wide and 
even-bore resevvoir 30 to 40 mm long, whose area A 
(30 to 50 mm2) is some 10 to 100 times the area a 
(0.5 to 3 mm2) of the narrow, even-bore capillary with 
which it  is contiguous below (corresponding ratio of 
radii, R/r = 3 to  10) .  

Sensitivity magnificatiolz with constant-volume ma- 
nometry. To set u p  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 con~~enient  gas or im-



miscible liquid) of length slightly greater than the 
diameter of the arm capillary, 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 a t  the 
base of the manometer. The ~novement of the bubble 
is an accurate measure of both the volume and dis- 
tance displace~nents of the confining fluid in the 
capillary. 

Any change in height h (= 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 a t  constant volume and temperature will be mag- 
nified A / a  times in the inovenlent H of the bubble- 
fluid interface in the capillary below, fo r  the volumes 
of fluid displaced in the capillary and in the reser-
voir must obviously be identical. Hence M = A / a ;  
h (=Ap) = H a / A  ; H = ApA/a = h A / a  = hM ; and K = 
k a / A  = k / X .  

To calculate s by the proposed reservoir-bubble 
leverage arrangement, one merely multiplies the ob- 
served displacement H by I<, that is, x (= h k ) = H k a / A  
= HK. Although a and A may be deter~nined sepa- 
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Fig. 1. Typical Warburg manometer and illustrative 
vessel, arranged for operation at  constaut volume of gas 
space; x (mm3) N.T.P. gas change = hk, where k =  ( vG .  
273/T t v,a)/P,. 

rately by mercury calibration in the usual manner, 
only the ratio a / A  need actually be known for  the 
purpose indicated. The ratio a / A  may be ascertained 
nlost directly, and in the course of only a few seconds, 
by ~neasuring 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 / A  
can obviously be carried out completely independently 
of any attributes of, or events occurring in, the other 
manometer arm or the reaction vessel-even (luring an 
experirilent 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 
TVarburg manometer conztructed with separable arms 
(Fig. 3) (10-12). 

The increased sensitivity of the reservoir-bubble 
leverage arrangement calls fo r  adequate thermobaro- 
~netr ic  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 exprrimental 
vessels via a manifold with pressure tubing or plastic 
connections to a single I- or 2-lit flask filled with 
water-vapor saturated air  and i~nmersed in the ther- 
mostat bath in order to eliminate sudden large or 
variable atmospheric pressure changes that may occur 
in some laboratories. I n  any event the therinobarome- 
ter H correction must, a t  least where large, first be 
inultiplied by its relative a / A  value with respect to 
the a / A  value of each experimental vessel, fo r  H val-
ues obtained by the reservoir-bubble arrangement are 
not equal to, but only proportional to, h and Ap val- 
ues, the proportionality constant being A / a .  F o r  this 
reason, when mano~neters on hand are significantly 
variable with respect to their a / A  values, i t  is desir- 
able to choose for  a thermobarometer a manometer 
whose a / A  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-arin 
confining fluid can be brought each time to the same 
constant-volurne level. F o r  conventional level setting 
by hand and eye (with or without hand lens), the 
effective limit of $1 is reached a t  values of 215 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, 
i t  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 a t  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 
move~nent in the outer arm, and then be employed to 
compensate fo r  the latter movement, by a series of 
approximations if necessary. 



It may me11 1)e that Jf taluos somewhat less than those 
provided by the air1 ~ a l u e s  of manometers on llalld mill 
Ite desired, especially where a is very small ( r  = 0.4 to 0.2 
mm for B = 3 to 5 nim). Such intermediate magnification, 
or in effect i'demng~xification," can be attailled and regu- 
lated a t  will by the use of glads rods of knotvn cross 
aection appropriately suspe~~ded into the fluid in the open- 
arm reservoirs, with consequent decrease in effective A 
values and, hence, a / A  values. Capillarity considerations 
Itere, as throughout this paper, offer no problem, since 
only changes in capillarity dependent on z would 1% in-
\ olred and these are, or shoultl be, zero. 

Sensitivity m:xgnification a r~d  demagnification can also 
I)e regulated conveniently hy appropriate use of a second 
manometer fluid of density d, smaller than the density 
I )  of tlie main manometer fluid. The lighter fluid, immis- 
eihle niith the denser ant1 preferably nonvolatile, nor)- 
toxic, and odorless, is  iloated on top of the denser fluid 
in the capillary of the open arm up into the eren-bore 
section of the reservoir. The change in height IT' 
of the boundary between the two fluids is now observed 
instead of H of the bubble employed before. I n  this two- 
fluid method, Ap, for giseii values of ;6 and k ,  is no longer 
eq11a1 to the chn~lge in height of the fluid in thc: reservoir 
hut is given by A p  = If 'D -H'd t I I J ( a / A ) d= H'(D- d 
( 1  - u / d ) ] .  From this, and the fact that eorre\pond~ngly 
In the one-fluid method Ap = hD, i t  can readily be shown 
that for x = h k = H K = H ' K ' ,  E ' = k [ D - d ( 1 - a / A ) ] / D ,  
and M = L / h - ' =  D / [ D - d ( 1 - a / A ) ] .  

Thus 3f increases, not only as a / A  deereaaes, hut also 
as ( D - d )  decreases. I n  the limit of d = D,K' = TC = lia/A, 
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 magnification of seusitirity a t  
constant volume of gas space : z N.T.P. gas change = h k  = 
Hlc . a / A  = HK, where K IZ= k a / A ,  and the sensitivity mag- 
nification da= H / h  = A / a  = k / E .  

theoletlcal result of eo~rlplete ctominance of sensitivit: 
magnification by a / A  remains tile same. I n  the limit of 
tl = 0, M = 1, which must be true since there is then no 
liquid in the reservoir. I11 the limit of a = A, M .I1 also, 
and there is  likewise no sensitivity magnification, because 
the diameters of the capillary and the reservoir are the 
same, and a difference betv7een a and A is  a sine qua non 
for sensitivity magnifieatiou of ;U > 1, regardless of any 
relationship D/d .  

Finally, in the limit of a / A  approachilig zero (attained 
by either decreasing a or illcreasing A indefinitely), 34 
approaches I ) / ( D- d).  This i s  important because it in-
dicater that with even reasonably smdl  values of n / A  
(0.03, 0.02, 0.01)) sensitivity magnification can also be 
I egulated in a quite practical way, over a Iery wide range. 
virtually by density difference alone. Thus, if d = O.99D 
(which is easy to arrange, experience shows), then 31.1 
100; if d = 0.9D (as with Brodie solution-isocnproic acid 
co~nhination), then M 10; and if d = O.GGD (as  with 
Brodie solution-hydrocarbon combinntion), then 31 3,
the exact M values being determinable in any event by 
the empirical method inilicaten earlier for the bubble 
method. 

Crns.lti.uity i n  co?zre?cfiorznlfree Inallonyetry (equal 
cacr)~tlloicla ~ ~ c c s ,  bubble). In cor~vet l t ion~lno ?.eser~:oiv 
f r w  rrlanon~etry with the Warbarg- type nlanometer, 
the c~onfiriing flnid in  the  closed arnl i s  n o t  rrlaiiitailled 
a t  a coi~stant  Ievcl but  is  allowed to nlove freely 
against  constant external pressure, atn~osplierie or  
othprwiie. The volun~es  of inanon~etric fluid displaced 
in  the capillary sections of tlie open and the closed 
a r m  are exactly cqual. The r e s p ~ c t i v e  distances of 
fluid displace~liciit a r e  alro equal if the areas a and a 
of the open- and  closed-arm capillaries a r r  also equal, 
a s  they usually arp, t o  a close aapproxi~nation (other- 
wisp the respective heights would obviously be in in- 
verse ra t io  a s  the areas).  The adjustable screw below 
the capillaries is lef t  untouched throughout the experi- 
ment, often in  i t s  most extended position, where it 
then exerts no pressure on the sac  containing the  re- 
serve supply  of confining fluid. 

A change of x ( I I I ~ I ' )X.T.P. gas  in  the vessel 
causes not only a change of ga* pressure Ap but also 
a change of volulnr of conf in~d  gas  c;p:lce a h  , w h r ~ e  
h* (111111) is d i s p l : ~ c r n ~ ~ l ~ tco~ifining fluid inthe of 
either of the ec.tual-ni~rn capillarirs. O ~ ~ i n g  to the gas- 
&pace voluu~e change in Prcv ~nnnotnctry,  Ap is never 
a s  grcat  as, and often 111uc.h lcss than, ATI ill c o u s t a ~ ~ t -  
vo lu~nr  ~ t~anon ie t ry ,  \Vlirnf o r  given vnlucs of x ant1 I;. 
the  fluid ~novenient is  confined, conventionally, t o  the 
(equal) capillary sections of the n ~ a u o n ~ c t c rarlns, 
Ap' = 2h*. The corresponding conventioual f r ee  ma-
nonietry "vessel constant," k*, nlay r ~ a d i l y  be shown 
[following par t ly  Warburg  ( 1 ,  pp .  9-12) and  Dixon 
(.?, pp. 2f5-32) but  necessarily deviating tllcrefrom 
when Ap* of f r ee  ra ther  than AI-' of di1Tercnti:rl cow-
pensation 111ano11111try l;" x/l t*iy involvtd ( 1 3 ) ]t o  l ) ~  =  
= 2k + ( a .273/Tf) [ ( I > + 2Wm)/P,,], ~ \ h c r e  1" is  the ab-  
solute (room) tenrperature and I' the ini t ial  pressure  
of d r y  gas  confined in the rlosrd-:~~.ln capillnry just  
above the inanonictric fluid level; P is  a s  a rule so  
nearly equal t o  Po and  the term 2h* so  snlall compared  
with P and  Po tha t  the expression in brackets may  



be neglected with usually much less than 1-percent 
change in the calculated value of k*, so that the vessel 
constant normally employed reduces to simply k* 3 2k 
+ (a . 273/2"). 

S;ncr h' thus a11i~:iys rsrrc~du 21,. (1)y thr qunntitg 

chief reason why free marlometry has so seldom been 
rmployed and indeed rarely been taken cognizance of 
without unnecessarily complicated formulation (14, 
15). S~vert l tc~l(~ss ,  possessesfree n ~ a n o ~ n e t r y  several 
vclry d f i~~i t t*  not constant-: I ~ ~ : I I I ~ ~ I ~ I * spossc~sretl Ily 

C( i s  tll:~s :~l~va,v.: rn!nnlc~ I I I ~ I I . ( I I I I ~ ~ ~ I ' ~  ~vonldI)(' hi,:hl,v to273 7") a1 (1 Itli = h I,. , 2h lrss th:~n i l ~ : ~ t  desir,~l)lt~ 
1 a A = 2 is al\v:~ys loss t11a11 61)= 11. This I I I ~ ~ I ~ I S  il' po sil)l(,. 1.'1.< clucut t~t~sctting r t ~ t a i i ~  of the closcd arln 
that in conventional free n ~ a n o ~ n r t r y  (that is, without 
adjuvant use of the reservoir-bubble arrangement) 
there is usually a considerable loss or dernagnification 
of sensitivity as con~pared with constant-volume nla- 
noinetry carried out under otherwise identical condi- 
tions, the more so when a is made large compared 
with k ;  a and k are colnlnonly of the order of 1m1n2 
each, so that frequently k* = 3k and therefore h*/h 
= 1/3, and then if one reads onr n~anornrtcr arm capil- 

nuid to constant level-with attendant error, uncer-
tainty, inconvenience, and time require~nent-' IS no 
longer required in free n~anonletry, and a given ex-
perimental observation requires a single reading taken 
on one arm only. Free manometry thus lends itself 
nluch better to  automatic and continuous recording 
[long a desired but seldom attained object in constant- 
volulne tnanoinetry (lG)] and also to following time 
courses of rapid reactions (17, 18) without the dis- 

lary only, the sensitivity in co~~~,c i~ t ion t l l  turbance of leveling atljustments. I t  is worth while, free ~ l ~ a r ~ o n l r -  
try, as  .juclg(d by the ol~scl~*vetl fluitl tlisplacrn~cnt ])car 
chnl~g-c.i t1  amount of gits, h/.c,  will be -- '/:? :IS great as  
in convei~t io~~al  for  givt!n constant-volul~lr 111:1nonlc~try, 
valurs of s and li, and if onc reails both cirlns, 2/3 as 
great. Frc~clnently cn~ployed values of n and k differ- 
ent from 1 I I I I I I ~  could obviously rc:ldily ~nnke  the 
i,espective values 1/3 and 2/3 cithcr much smaller or 
somewhat greater but obviously never greatrr than 1/2 
and 1as respective rnaxi~num litnits. To obtain these 
limits of ~nasilnurn sensitivity, n 111ust br made very 
small colnparcd ~vith k, so that I;* r Sk,and Ap* IAp, 
and therefore 2h* = h.  Since values of a as small as  
0.03 111111~ (c:lpillilry dian~eter -0.25 111111)are feasil)le 
of construction and mo~~kal)le ill laho18atory pl*acticr, 
L* can thus be n~atlc to equal 31within a few percent, 
and sinrilarly 212" = 8. 

The usually considet.able decrease in sensitivity in 
conver~tioi~alfree ~nanoluetry, which has always been 
qualitatively evident to the bench experimentalist even 
without the algebraic working out of the simple vessel 
constant k* given in the preceding paragraphs, is the 

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

thcrcrol-c, to exalnine ~vhcthcr sinlplv hydraulic-lever- 
age art~angc~nents nlay be devised for  free ~ ~ l a r ~ o m c t r y  
that will ovcrcotne the disadvantage of usual lowered 
sensitivity and yct retain the o thern~arked  advantages. 

Free mctr~ometry with equal capillaries alzd opem-
arm reserroir. I f  to eoi~ventionul free lnatiollietry with 
equal capillaries is addrd the open-art11 reservoir-bub- 
ble arrangement described earlier in connection with 
constant-volume manon~ctry, then the fluid-volurne dis- 
placements are  equal not only in the capillary sections 
of each artn but also in the reservoir, whereas the fluid- 
distance displacelncnts will vary invclrscly with the 
a rea ' a  of the capillaries and the area A of the rcser- 
voir. F o r  given values of a, x, and 1; the fluid-distance 
displace~nents in the capillary sections will be greater 
than those obtained in conventional free manolnetry 
without the en~ploy~nent  of the reservoir, by, as  shown 
l i ~ ~ e ,a niaxiiilum limit of twofold, and therefore like- 
wise (as indicated in the preceding section) twofold 
the sensitivity obtained in conventional constant-vol- 
urn& manometry. The mathematical formulation with 
the open-arm reservoir arrangement is s in~i lar  to that 
given in the preceding section f o r  the case without the 
reservoir, with substitution of H*, 7<*, and A f o r  h*, 
li*, and u ( H " ,like h", referring to the equal fluid-dis- 
tanee displacements obtained in either the closed- or 
the open-arm capillary, being observed in the latter 
iiistallce by nleans of the bubble movement). The 
pressure change AP" no longer equals 2h* but now 
pcluals H"(1+ a/A) , whence I<* = x/E*= k ( 1  + a / A )  
+ (a -278 /1")( [ P +H " ( l + a / A ) ] / P o > ~ k  ( l + a / A )  
t. a - 273/T'. When ( r i 9  is very small, K* - k t a .  273/ 
7", ahd, whclrl tr itself is very small compared with k, 
then K" = k.  This means that in free manometry with 
iidjuvant use of the open-arm reservoir-bubble system 
the sensitivity, a s  judged by total fluid displacement 
per x change iz~ amount of gas, can be made to a p  
proach as  a maxi~nult~ limit twice that obtained in con- 
stant-volume lnanorrletry ( K *= k, IC'D* = kh, 2H* = 
Bh), 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 volurne manometry. On the other hand, reading 
the closed arm only, the sensitivity of f ree manometry 



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 con-
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- 
o r  commercially-made. The sensitivity magnification 
obtained will be intermediate (up  to one order) o r  
high (beyond one order) depending upon whether, re- 
spectively, different-sized capillaries o r  two reservoirs 
are employed. The last-named device is considered first 
since equal capillaries are still involved. 

High-sensitivity magnification in free matzometry 
with equal capillaries and two (equal) reservoirs. The 
general condition of Boyle, PV = a constant, must be 
satisfied f o r  any given value of x a t  constant tem-
perature. To obtain maximum sensitivity magnifica- 
tion in  constant-volume manometry, one must maxi- 
mize A P  by minimizing the change in gas volume so 
that AV+ 0. To obtain maximum sensitivity magnifi- 
cation in  free manometry, i t  is conversely necessary 
to maximize the volume change by minimizing the 
pressure change so f a r  as possible. This can be most 
effectively accomplished by constructing, as in the 
Braun-Fritzsching duplex manometer ( 1 9 ) ,  a second 
reservoir a t  the top of the closed arm of area and 
height the same as  that of the reservoir a t  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 
x will induce 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 t o  zero. A t  the same time the fluid-dis- 
tance displacements in the capillaries, which may be 
readily followed and measured in either or both capiI- 
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 

vary inversely with their respective areas a and A, fo r  
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 occur 
in the other arm and, hence, a considerable change in 
pressure of the confined gas per change in x. Reser-
voirs in free manometry may be regarded as devices 
to reduce or minimize the positive magnitude of AP/x 
and, fo r  maximum effect, must obviously be present 
and active on not just one but both arms. I n  constant- 
volume manometry the use of a closed-arm reservoir 
is superffuous and cannot provide any  gain in sensi- 
tivity magnification M, since upon continued resetting 
of the bubble to a constant mark no pertinent change 
in the closed arm is ever developed ( 2 9 ) .  

The change in gas pressure AP**  induced by a 
change z, with the two-reservoir arrangement, may 
be measured and expressed in terms of the two 
observed equal-capillary fluid-distance displacements 
H**and the two different areas a and A involved: 
AP2*= H**a/A + II**a/A = 2H**a/A. Then, similarly 
as  before, I<**=z/H**= 2ka/A + ( a .  273/Tr) [ ( P  + 
2H**a/A)/P,] r (2ka/A) + ( a .  273/Tr), and if a/A 
is made very small then K**= a .  273/Tr, and when a 
itself is made very small, I<**approaches zero and 
the theoretical sensitivity magnification, M = k/TC** = 
H**/h, approaches infinity! I n  practice, however, ca- 
pillaries of diameter less than 0.25 mm, corresponding 
to area values of a less than 0.05 mm2, are too difficult 
or (in accordance with Bernoulli's theorem) too slow 
to work with (20, 2 2 ) ,  so that sensitivity magnifica- 
tion values reach a practical limit in equal-reservoir, 
equal-capillary free manometry of M = k/(0.05) =20 
per each manometer arm (40 per both together), fo r  
normal k values of the order of unity, and greater or 
less than 20 (or 40) when k is greater or less than 
unity-that is, greater when vG/vfl is increased and 
less when a, Po, and T are increased. I n  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, 1 5  to 30. 
Such magnifications will frequently be f a r  more than 
desired and more than adequate to uphold the maxim 
of science that to increase sensitivity by an order of 
magnitude (+lo-fold)  is to open new worlds fo r  
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 G to 10 mm (A = 30 to 75 mmz) unless a is 
exceptionally large (>3 mm2; diameter > 2 mm). With 
small values of a (which are preferable in order to obtain 
small values of a/A), 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 em3. 
Calculations based on the equations for K*" given in the 
preceding paragraph will also show that capillaries of 



alea a 11nm"nd. greater will seldom yield high magnifi- 
cation ( M  >> I) in two-reservoir free manometry, no mat- 
ter how large the reservoir area in the expression for 
K** is made, since the a 273/Tf component of E"' then 
always amounts to a t  least ci 1 and, hence, values of 
k / E * * = 2f z 1 ( I $ ) ,  except in the unusual cases when 
7c ,,1. 

Ordinarily, therefore, for 7zigh X values with equal- 
capillary f ~ e e  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 mm2. However, 
there yet remains another series of hydraulic-leverage ar-
rangements mhereby it is possible in free manomrtry to 
obtain intermediate, even if not high, values of M ,  and 
these arrangements do not definitely require either of the 
t~voparticular reservoirs just described 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 described here, use is made of or-
dinary unaltered commercial Warburg manometers of 
large capillary bore to mhicll is added a third arm of 
either of t~vo t ~ p e s  (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 ?nnno?nrt~yzo;tlz capillaries. Although Z L T Z~ q z ~ a 1  
in fixed-volume manometry a difference in capillary 
area between the open and closed arms is of no notable 
consequence f o r  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 can be made to yield high- 
sensitivity magnifications nearly as striking in prac- 
tice as  those obtained with two reservoirs and equal 
capillaries already described. This is true because 
marked inequality between capillary areas is alge-
braically equivalent, and therefore under properly 
chosrn conditions nearly numerically equivalent, to 
inequality between reset-voir and capillary areas. This 
situation makes the construction of the second reser- 
voiv unessential to obtaining large ICf values in  free 
nianometry of some form or other and leaves as alter- 
native the construction of a manometer wit11 one fine 
caplllary arm, preferably the open arm since a reser- 
voir is more easily mounted thereon, and a bubble in- 
serted therein. 

IVith the manometet- arrangement just indicated- 
open-arm reservoir, small caplllary, and bubble-the 
change of gas pressure in the confined space is given 
by the sum of the algebraic fluid displacements in the 
oprn-arm reservoir and in the closed-arm capillary, 
thus, ~ f ;E a j A  + Wa/a* K ( a / A  + a j a * ) ,  where H= = 
is the measured bubble distance displacement in the 
open capillary, a and A are (as before) the areas of 
the open-arm fine capillary and reservoir, respec-
tivcly, and a-is the arca of the closed-arm capillary. -
Then R = z / l f  = k (a/- - a j a " )  + ( a  .273jT') {[Pi. 

? r ( a / A  + n,'cr ) ]  /Po>= k(u/A + a j a * )  + ( a  273/Tf). 
(Thls equatlon alio covcrs the more general situation 
of / T I  o rev1 POIIS and ? I V P ~ C ( ( I /~apil lar ies  if a' i~ re-

garded as the area A" of the confining Auid in  the 
closed-arm reservoir rather than the closed-arm capil- 
lary t o  which it is algebraically equivalent). 

With practical values of a=0 .05  mm2 (diameter, 
0.25 mm), a* = 3 mm2 (diameter, 2 mm), and A = 50 
mm2 (diameter, 8 mm), IF= k (0.05/50 + 0.05,') + 
0.05 = 0.066 for  k of unity, so that  a sensitivity mag- 
nification value of M =17= kJO.066 =1 6  is readily 
feasible, based on reading the bubble movement in  the 
one arm only and without a n y  resetting to fixed vol- 
ume in the other arm. Since a* 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 JI --
20! One has attained here, in essence, a volumeter 
operating a t  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 f o r  both free and fixed-volume manometry, either 
with o r  without high-sensitivity nlagnification (with 
or without actual use of the reservoir-bubble arrange- 
ment). The unequal capillaries would offer no essential 
disadvantage f o r  ordinary, conventional fixed-volume 
manometry but would open u p  a whole field of here- 
tofore unenvisaged possibilities fo r  free manometry. 
The widespread scientific utilization of such a type of 
all-purpose hydraulic manometer with two reservoirs 
(Fig. 4) deserves highest recommendation. 

I n  the absence of such manometers a t  hand, i t  is 
possible to convert, in the laboratory or otherwise, the 

Fig. 4. Hydraulic general- 
purpose manometer designed 
for equally eficient use in 
either constant-volume mano A 
metry, free manometry, vol- 
umetry, or (Fig. 5)  one arm 
manometry, with either high- 
sensitivity magnification or 
conventional sensitivity : A 
and A' axe areas of outer 
and inner-a~m reservoirs, 
2 30 mm"diameters z 6 
mm) ; a is area of outer-arm BUBBLE 

capillary of diameter option- 
ally variable between, say, 
0.25 to 2 mm; and a* is area 
of inner-arm capillary of di- 
ameter optionally variable 
between. say, 1to 2 mm. The 
customary graduations (not 
shown) of the capillary arms FLUID SAC 

are extended to the tops of 
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 juncture, permitting 
a wide range of E values dependent upon variable vahlr~s 
of n/n' , a / A ' ,  ctx/A*,and so forth. 



conventional, equal-capillary Warburg manometers 
into volumeter forms (three-arm manometers) that  
a re  equivalent to those with capillary inequality, two 
types of which a re  briefly described and analyzed. 

To the open arm of an ordinary Warburg manometer 
filled to the top of the reservoir with manometric 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 tlie 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 column to enter, with 
the aid of regulation by means of the adjustable screw. 

Tlie matl~ematical treatment is the same as is given in 
the preceding section, with a and A referring now to the 
areas of the capillary U-tubing and the test-tube reser- 
voir, respectively. A can be made eo large (several centi- 
meters in diameter), if desired, that the term a/A in the 
formula for ?i-drops out. The U-tubing can be made to 
extend fa r  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 wale length of 300 mm. It ie 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 a t  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/A in ia eliminated alto 
gether, since the only hydrostatic pressure change involved 
occurs in the confining arm only and no longer a t  all in 
the middle or open arms, aa is otherwise the case to some 
degree in all other arrangements previously described. 
a is now simply z= ba/a* + ( a  .273/!P), and a more 
than ever is the main determinant of sensitivity and sen- 
sitivity magnification. This brings us to the most remark- 
:~ble type of hydraulic free manometry, in which neither 
a nor b alone, nor the sum of thew invariably positive 
quantities, is the main sensitivity determinant, but their 
diference is. 

One-arm, "paradox" free manometer. I n  all  the 
manometric procedures considered so far ,  either with 
o r  without hydraulic leverage, a n  increase in amount 
of confined gas has caused a n  increase in  pressure in 
practice, and never less than zero change in theory 

with the confining meniscus area A* greater than area 
a* of the open, terminal a rm capillary declined at any  
angle greater than zero, preferably 90° f o r  maximum 
effect, a truly astounding paradox and exceedingly 
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 viee versa. The vertical, one-arm, 
manometer with hydraulic confining reservoir (Fig. 5), 
but no terminal reservoir, is the most striking and siin- 
plest example to consider in  detail. 

In such a manometer, initially adjusted with mano- 
metric fluid in both the reservoir and capillary sections 
of the arm, a positive production of gas x in  the vessel 
causes a n  increase in  volume of confining gas space 
Hta*,  where H t  is the observed vertical lengthening 
(mm) of the fluid column in the capillary section of 
the arm a s  measured by the downward nloveiuent of 
the lower (hanging) meniscus in  the capillary. H a d  
there been, initially, fluid in  the capillary portion only 
and none in the reservoir, there would have been col- 
umn displacement without lengtheuing, and the in- 
crease in  gas space would have been smaller than 
Hta*,  and the pressure change in the confined gas 
would have been, a s  in  ideal volumetry, zero. The ob- 
served lengthening takes place a s  a result of the effect 
of the hydraulic factor A*/aL, but, contrary to  all 
manometric arrangements considered previously, it 
does so not against, but in  the same direction a s  (with), 
gravity, which acts a s  a n  added force to increase the 
gas  space change. Since the opposing upward and 
downward pressures a t  the level of the hanging menis- 
cus i n  the capillary section are  always equal, atnlos- 

(volumetry), regard1ess of the number of arms per Fig. 5. Working model of the hydraulic, one-arm, "para- 
manometer o r  whether any  of the arms a re  vertical o r  dox" free manometer derivable from the hydraulic gen- 
hoyizontal. When, however, a n  ~ d d  number of arms eral-purpose manometer (Fig. 4) nlercly by ren~ovrtl of 
per  manometer is involved (1, 3, or  5, and so forth),  outer arm therefrom. 

646 SCIEXCE, VOL. 120 



- - 

plleric ( P A ) ,  and  unchanged by ally change in  2, a n d  
since the column length has  been increased by a depth  
(no t  height)  - fHf, it follolvs tha t  the  final pressure 
Pi of the coilfilled gas  has  been decreased c o ~ n p a r e d  
lvitl.1 the  initial pressure Pi, and  tha t  the  change in  
pressure AP'f has been negative, AP')= ( P A- P i )  -
( I 3 , ,  - P f )  = Pf - Pi = - f H t  < 0, where the terms 
( P A- P i )  a n d  (PA4- P f )  refer  t o  the  initial a n d  final 
hydrostatic pressures of the  colunln (22) .  Obviously, 
with allowance f o r  the  shortening of the  column in 
the reservoir, whose movement is opposite i n  sign f r o m  
that  in the capil l i~ry,  AP': =-H i  t Ha"/A"  =- H t  (1-
(l*/A*). 

F r o m  this expression f o r  AP? it follows tha t  the  
vessel "constant" of the one-arm manometer is  T O  = 
:c /Hf  = -

/ P
k (1

) 
- a* /A" ' )+ (a8' . 273/T') 1[ P- H t  (1-

( I" ; /A") ,,, and  no  longer represents a surn but a 
difference of the two terms in  a a n d  k ,  a s  earl ier  adum- 
brated. This circumstance allows K t  to  become smaller 
than the  a term previously l imiting high-sensitivity 
magnification in f r ee  manometry. Posit ive values f o r  
Ti3 may decrease t o  zero and  JI  = k / K f  may  approach 
infinity. This yields the  impor tant  practical  result of 
eliminating the necessity f o r  very small values of a, 
which ruay now be of the  same order a s  k ( s ay  1to 2 
irim2), with the  very impor tant  added advantage of 
eliminating the  slow response involved with small 
capillaries a n d  a t  the  same time retaining the  main  
merit  of f ree  manometry,  nalnely, no  requirement f o r  
continual resett ing t o  constant volume. 

It is evident from the expression given for E t  tha t  n 
wide range of possibilities, impossible to detail here but 
interesting to work out numerically and algebraically, 
offer themselves for obtaining any desired value of E f  
and of M=k/lCt by varying the main components of 
~ ; ( I u ~ ,vF,Dj, or A* and a" (relative and absolute values), 
or the initial height of the capillary-reservoir column that  
will affect the value of P, wliich is  obviously always 
slightly below the prevailing atmospheric pressure PA, 
and which must, like H i ,  be given due consideration when 
E i  is small. The initial height and stability of the capil- 
lary-reserroir column may be governed technically by 
means of a sac and screw clamp attached to the stopcock 
a t  the top of the manometer, or in various other ways 
unnecessary to detail here ( 2 3 ) .  

The eventual limitation to the use of the one-arm mnn- 
ometer is reached a t  high M = k / E t  values mliore small 
Ri values may not retain sufficient constancy orer a wide 
range of observed H i  values. Since the exact formula 
given for K t  contains the then no longer minor variable 
H t  term, a t  small value of K i  (small differences between 
the terms in a and k), the expression within K t  in the 
braces can no loilger be neglected as i t  could be in  all 
previously reported approximation fornlulas for  f roe 
mallonletr~ constants, \rllere a and additive 
in a positive sense only. Tltis eventual liinitatiou becomes 
es~jecially significant when a*/AX is made sniall so tha t  
values of H t / P ,  for values of H i  = 100 to 300 mm may 
then amount to an  appreciable fraction of the entire 
term in a and, hence, in Elit w11en the latter is, say, 0.05 
or l e s ~( M  -20). At  this extreme ranee. the evaluation - ,   - ,  
of  E t  as  a function of HP will obviously require careful 
attelltion, involving some form of calibration (calculated 
or empirical), but this will be well worth while i n  view of 

the high speed of manometric fluid response to changes in 
x obtainable with one-arm manometry as compared with 
other highly sensitive forms of free manometry. More-
orer, since high sensitivity is involved here, small values 
of H t  will frequently be sufficient for problems a t  hand; 
indeed the H i  values obtained may a l t e r ~ ~ a t e  andplus 
minus in sequence, as  is  conlmohly the case in problems 
such as  photosynthesis, where Ht  values of i10 mm per 
light-dark cycle may be entirely adequate, so tha t  values 
of M +100 could be obtained with satisfactory constancy 
of K i  as  a function of H t .  

It is a pleasure t o  acknowledge many  helpful  sug- 
gestions received f r o m  Jerome Cornfield, E rwin  Fritz-
sching, J e h u  Hun te r ,  Hi l ton  Levy, Alan Mehler, Rich- 
a r d  Schnier, Wa l t e r  Slavin, Mark  Woods, a n d  the  un-
kilown referees. W e  a r e  indepted t o  E. Machlett and 
Son, New York, f o r  constructing a n d  making avail- 
able working models (23) of the  general-purpose and 
one-arm inanonleters (Figs.  4, 5 ) .  
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the one-arm manometer to force a11 the liquid out of i t s  
reservoir down into the capillary below, then, from this 
point on, the column in the open arm of the conventional 
manometer will reverse i t s  direction nnd rise, Indicatin!: 
now the customary increase in pressure with a n  increase 
of a in the system when the hydraulic factor A*/a* is 
no longer operating in the one-arm manometer. 

23. Demonstrated a t  the meeting of the Society of General 
Physiologists, Woods Hole, Mass.. 9 Sept. 1954. 

News and Notes 
International l nstrument 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 i n  
Philadelphia, 13-24 Sept., afforded more than 23,000 
persons a unique opportunity to view a t  first hand the 
intensive activity that characterizes the present-day 
Reld 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), i t  was the first in which foreign countries 
were especially invited to  participate. More than 70 

foreign firms were represented in the exhibit; the 
number of foreign visitors is not yet knowri 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 f o r  the purposes of this exhi- 
bition t o  be admitted without payment of tariff, and 
the other authorized the President of the United States 
t o  invite the states of the Union and foreign countries 
to  participate in  the congress and exposition. I n  ac- 
cordance with this resolution, President Eisenhower 
issued a proclamation and then went further t o  sig- 
nify his endorsement of the congress and exposition 
by sending a letter to the president of the Instrument 


