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ABSTRACT TGo techniques for  using a vibrating U-tube densitometer to KEYWORDS 
measiire the amoiint of dispersed air in newqrintpulp were investigated in 
the laboratory and in a pilotplant setting. In the first technique, stock density 
is monitored as a function of time. Density variations are attributed to 
changes in the content of dispersed air. With this methog the absolute 
ziolume fraction of air can be calculated if the density and the 
concentration of fiber and fillers are known. The second technique involves 
measuring stock density at two pressures, permitting direct calculation of 
dispersed-air content. The air contents calculated using this technique 
correlated well with measured air contents from a commercial PAM (process 
air measurement) sensor over a range of 0-5% by volume. Data from both 
instruments showed that the air content fluctuated by as much as +0.5 
tiolumepercent within a IO-s interval in the pilot flow loop. 
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An overview of the last 40 years of 
papermaking literature reveals spo- 
rad ic  activity on the  subject of 
dispersed air in newsprint manufac- 
ture. Much of the early work focused 
on identifying problems associated 
with dispersed air and reducing the 
level of dispersed air by mechanical 
means. More recently, research has 
been driven by the availability of new 
techniques for measuring air content 
together with the perception that 
dispersed air remains a problem in 
many paper machines. The literature 
on the effects of air in papermaking 
was reviewed 16 years ago by May 
and Buckman ( I ) ,  and to a large 
extent, the subject has not developed 
much in the intervening years. 

Despite the information in the 
literature, we are  left with many 
questions, including: What are typi- 
cal values for a i r  content at the  

various locations in a modern paper 
machine; in what form is the air 
present; and most importantly, does 
it matter? The work presented here 
is the first report from a research 
project aimed a t  answering these 
questions. The specific objectives 
were to develop and verify robust 
instrumentation for studying dis- 
persed air in newsprint machines. 

Techniques for measuring air 
Many techniques have been de- 
scribed for measuring dispersed air 
in wood pulp suspensions (2) .  The 
procedure described in TAPPI Use- 
ful Method 653 consists of measuring 
the density of a pulp suspension and 
comparing it with the density mea- 
sured after removing the dispersed 
air (and probably the dissolved air) 
by boiling. Densities are determined 

by weighing a pulp-filled glass con- 
tainer of known volume. Woodworth 
( 2 )  claims that the method requires 
2-3 h to complete and that a precision 
of +0.1% is possible with a skilled 
operator. 

Two recent works describe a 
dispersed-air sensor based on ultra- 
sonic attenuation (.?, 4). The main 
disadvantage of the ultrasonic system 
is t ha t  the  relationship between 
attenuation and bubble properties is 
complex. That is, many small bubbles 
will give different results than will a 
few large bubbles at the same total 
concentration of dispersed air. This 
situation necessitates frequent Cali- 
bration by a secondary manual com- 
pression procedure. 

Commercial instruments that mon- 
itor dispersed air by measuring the 
compressibility of the pulp are sup- 
plied by PAPEC (Sumner,  WA). 
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a 1. Full-scale pilot flow loop used to compare 2. Stock density and Pressure as functions of time for a newsprint pulp. [Results obtained 
the densitometer and the PAM sensor .* a l 
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Information about pulp compressibil- 
ity is converted to air content using 
Boyle's gas law (5 ) .  Automated and 
manual versions of these instruments 
are available. In this report, wherein 
we examine the use of a U-tube 
densitometer to measure dispersed 
air in a newsprint pulp, the auto- 
mated PAM (process air measure- 
ment) instrument  was used as a 
benchmark for t.he densitometer 
results. 

Domtar was assigned patents for 
sensors using automated densitom- 
eters to measure fiber length (6) ,  pulp 
specific surface area (?'), and the air 
content of pulp (8). Densitometers are 
robust, inexpensive, and very accu- 
rate. Since we report densitometer 
results in this work, it is instructive 
to review the transformations neces- 
sary to convert densities to air con- 
tents. 

The density of a pulp suspension is 
given by the following mass balance 
equation. 

Pstack = ( P p u l p ~ p u l p )  + (pa,r$Jaw) (1) 

where 

psmk = measured stock density 

pair = density of dispersed air 

ppulp = density of fiber, filler, and water 
= volume fraction of dispersed air 

= volume fraclion of fiber, filler, 
and water 

in bench-top flow loop.) Regions of high pressure correspond io density measurements on 
stagnant pulp; regions of low pressure correspond to density measurements on flowing pulp. 
The "U" svmbols denote the orientation of the U-tube in the vertical plane. 
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However, because 

Pa,rC1r  = 0 

Eq. 1 can be simplified to 

In addition, 

To obtain the fraction of dispersed 
air, &ir, from the measured density, 
&to&, more than one density measure- 
ment is required, since there are too 
many unknowns in Eqs. 2 and 3. The 
usual approach is to increase o r  
decrease the system pressure and 
immediately measure a second densi- 
ty  before significant mass transfer of 
air between phases occurs. Thus if 
two measured densities, pstockl and 
pstock 2, are measured at two pressures, 
PI and Pz, the volume fraction of 
dispersed air at  PI is obtained using 
Eq. 4. 

$Jaw 1 = 
(psmk 2 -&tack l)/{Pstock 2 - (pl/pZ)]) (4) 

Equation 4 was derived assuming 
that: 

0 The gas phase obeys the ideal gas 

0 The liquid phase is incompressible 

0 There is no mass transport between 

law 

(i.e., ppUlp is independent of P)  

vapor and liquid phases. 

The Domtar patent describes the 
following four steps. 

1. A pulp sample is isolated in the 
densitometer. 

2. Density is measured at the system 
pressure. 

3. Pressure in the densitometer is 
lowered by expansion of a piston. 

4. Density is determined again. 

A key feature of this design is that 
the pulp remains stagnant during the 
density measurement. 

In this work, we show that air 
content can be reliably measured by 
densitometry. However, we were 
unable to obtain reliable density 
measurements on stagnant pulp sam- 
ples in our densitometer because of 
bubble coalescence and convection. 
Herein, we demonstrate new den- 
sitometer-based techniques that alle- 
viate this problem. 

Experimental 

Density was measured with an 
Anton-Parr Model DPR 417 NYEK 
densitometer,  which included a 
temperature sensor and an mPDS 
4000 data-acquisition computer. Data 
were stored in a personal computer 
that was interfaced with the data- 
acquisition computer. The minimum 
inner diameter of the densitometer 
U-tube was 6.6 mm. Specifications 
for the factory-calibrated densitom- 
eter were for an accuracy of kO.0001 
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g/cm3 and  a reproducibil i ty of sure correspond to density measure- instrument’s ability to sample the 
+0.00001 g/cm3. ments made on flowing pulp. The “U” system. This is shown in Fig. 3, where 

The densitometer and a dispersed- symbols indicate the orientation of the PAM data for air content fluctu- 
air sensor (PAPEC Model AST-02 thedensitometer in thevertical plane. ated by +0.5 volume percent, and in 
PAM) were incorporated into a pilot- The pressure increased after clo- Fig. 5, where fluctuations in stock 
plant flow loop, illustrated in Fig. 1. sing the downstream valve because density were of the same order.  
Two Heise model 623 absolute- the pump continued to operate. The Therefore, it was impossible to ac- 
pressure transducers(P1 and Pz) were expected increase in density with quire PAM and densitometer mea- 
fixed near the inlet and outlet of the pressure was observed. However, the surements on pulp samples with the 
densitometer. The tank contained detailed behavior of the density curve same air contents. 
approximately 1600 L of 0.7%- was dependent on the vertical orien- Calculation of @,,, requires two 
consistency pulp made from diluted tation of the densitometer tube, as measurements of stock density at 
chemithermomechanical pulp. The seen in Fig.  2. Unexpectedly low different pressures. Pressure jumps 
pulp was initially heated with steam, density spikes also were observed in the densitometer were induced by 
and pulp temperature ranged from when the flow was resumed. closing the downstream valve, B, 
47°C to 58°C. Air was entrained in the We believe that the dependency of followed by the upstream valve, A 
pulp by discharging the main recir- densityon U-tubeorientation was due (Fig. 1). This isolated the densitom- 
culation pipe above the surface of the to convection of bubbles into, or out eter contents, which were recircu- 
tank. The flow rate through the main of, the U tube. Additionally, compar- lated by the peristaltic pump, P. 
return pipe was measured with a ison of the first and last pressure Results for a typical pressure jump 
magnetic flowmeter and controlled jumps, which were done using the a r e  shown in Fig.  5. Before the 
with Valve D. Flow rates were con- same U-tube orientation, showed that pressure jump, the pressure was 
trolled between 100 L/min and 450 L/ the detailed densityltime-response constant, whereas the density showed 
min. curves of the isolated samples were the usual fluctuations we attributed 

The pressure at the PAM sensor not reproducible. We believe that the to erratic bubble generation in our 
was measured with the pressure lack of reproducibility was the result loop. After the pressure jump, the 
gauge and controlled with Valve C to of bubble coalescence. These results range of density fluctuations was 
obtain a constant value of 1.75 atm. led us to conclude that density can be lower because the measurements 
The pressure at the densitometer was measured reliably only on flowing were made on an isolated sample. On 
1.2 atm, with a pressure drop of pulp. the other hand, without the continu- 
approximately 0.05 atm across the ous flow of hot pulp through the 
densitometer. The pressure corres- Paot-plant flowloop densitometer, there was an  upward 
ponding to the density measurements The pilot-plant flow loop illustrated dr i f t  in the calculated density of 
was taken as the average value of the in Fig. 1 was used to obtain measure- water because of a slight cooling of 
pressure transducers at each end of ments from the densitometer (stock the densitometer. From 50-70 s, the 
the U-tube. density) and from the PAM sensor pulp density drifted upward while 

A Masterflex peristaltic pump, P, (air content). The results in Fig. 3 the pressure drifted downward. We 
was continuously operated at a flow show that stock density decreased attribute this behavior to mass trans- 
rate of 0.75 L/min. When Valves A with increasing air content. The solid port from the dispersed gas phase to 
and B were open, Pump P served as line in Fig. 3 is the water density, the dissolved gas phase a t  constant 
a partial bypass to the densitometer. which was calculated using the mea- volume. The results in Fig. 5 are 
When these valves were closed, pump sured temperature and applying a typical of the numerous sets of data 
P recirculated an isolated pulp Sam- density correlation obtained from the collected in the course of this work. 
ple through the densitometer. literature (9). The dip in air content Pressure-jump experiments such 

at 20-25 min was induced by turning as that shown in Fig. 5 were analyzed 
off the mixer in the pulp tank. by applying Eq.  4 to obtain the Results A simple approach to the analysis volume fraction of dispersed air .  

Bench-top flow loop of raw density data is to assume ppUlp These values, together with the PAM 
In our initial laboratory studies, pulp in Eq. 2 is equal to the calculated data, were converted to correspond- 
was circulated through a 1-gal bench- density of water, pwater. Under this i n g  volume fractions a t  1 atm assum- 
top flow loop consisting of tubing, a assumption, Eqs. 2 and 3 can be ing that the dispersed air obeys the 
peristaltic pump, and a pulp bucket rearranged to give ideal gas law and that there is no gas 
into which air was sparged. When the transport between the liquid and 
system was at steady state, samples (5) vapor phases. This conversion was 
were isolated first by closing the which is plotted against the PAM done because the absolute pressure 
downstream valve, B, and then do-  data in ~ i ~ .  4. The correlation values at the PAM sensor were dif- 
sing the upstream valve, A. Figure efficient (,+) for the fitted l ine was ferent from either of the pressures 
2 shows pressure and the measured 0.71. scatter i n  ~ i ~ ,  is not indicative measured during the density mea- 
stock density as functions of time. The of poor performance of either instru- surements. Figure 6 compares air 
regions of high pressure correspond merit, nor does it indicate they were contents determined by the two in- 
to density measurements made on measuring different things. ~h~ struments, and the results show good 
stagnant pulp isolated in the den- scatter is the result of the air 
sitometer. The regions of low pres- changing quickly than either 

$‘air = 1 - (Pstock / P w a w )  

agreement. 
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3. Raw data from pilot-plant flow loop showing stock density and air 
content (measured by PAM sensor) as functions of time. The line 
representing water density is the computed density of Pure Water 

4. Comparison of air content as measured by PAM sensor at 1.75 
atm and volume fraction of air (+a,r) as determined by measuring 
density and assuming the density of deaerated pulp equals that of 
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5. Stock density and pressure as functions of time before and after 6. Air content as a function of time as measured by PAM sensor and 
the pulp was isolated (at 46 s) under increased pressure. The line as calculated by measuring density at two pressures. To facilitate 
representing water density is the computed density of pure water comparison, results for both sensors were normalized to correspond 
corresponding to the measured temperature. to a pressure of 1 atm. 
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Discussion 
Relationship between pressure 
and the state of air in stock 

Many terms have been used in the 
literature to describe the location and 
the  form of air in pulp: “loose,” 
“entrained,” “combined,” “adsorbed,” 
“free gas,” and “residual gas.” We use 
the terms “dispersed air” and “dis- 
solved air,” which are standard desig- 
nations in physical chemistry.  
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Dispersed air can exist as discrete 
bubbles, as bubbles attached to fiber 
surfaces, or as bubbles trapped inside 
the fiber lumen. It is also possible that 
a small fraction of the dissolved air 
could physically adsorb onto fiber 
surfaces or diffuse into amorphous 
parts of the fiber. We do not believe 
that either possibility is significant. 

According to Henry’s law, the  
solubility of air in water is propor- 
tional to the applied pressure. The 

results in Fig. 5 show that the time 
scale for complete dissolution of air 
bubbles is minutes. There are many 
operations in the approach system of 
a paper machine where the stock 
experiences pressure changes. There- 
fore, the presence of air bubbles in 
approach flows does not necessarily 
mean that the water is saturated with 
air. Instead, it is possible that the 
dispersed bubbles have not had time 
to dissolve. (There is no information 
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on the dissolution times of air bubbles 
in pulp in the literature.) 

In summary, pressure affects not 
only the pressure-volume behavior of 
the dispersed phase but also the 
partition between the dispersed and 
dissolved phases. Ideally, pressure 
and degree of saturation should be 
reported with dispersed-air contents, 
as should the percent saturation for 
the a i r  components in the liquid 
phase. None of the published tech- 
niques for characterizing air in pulp 
measure the concentration of dis- 
solved air or, equivalently, the degree 
of saturation. 

Measuring dispersed air 

Dispersed air  in pulp is thermody- 
namically unstable and, given the 
opportunity, all the air bubbles will 
dissipate to the head space. Unlike 
formulated foams such as aerosol 
shaving foams, which contain high- 
efficiency bubble stabilizers, bubbles 
in newsprint pulp a re  large and 
poorly stabilized. This  situation 
makes air in pulp particularly intrac- 
table for scientific investigations. At 
best, a steady state can be achieved 
where bubble generation balances 
bubble dissipation. However, the 
results presented in this report show 
that air content fluctuates rapidly 
even in a simple flow loop. 

The two techniques for measuring 
dispersed-air contents with a den- 
sitometer have distinctive advan- 
tages and drawbacks. The single- 
pressurelcontinuous-density tech- 
nique provides relative air contents 
and has the advantage of being rapid 
(about 2 s per measurement) and 
easy. Calibrated densitometers and 
associated electronics can be pur- 
chased, directly installed, and inter- 
faced with paper-machine computers 
with little anticipated maintenance. 
The disadvantage is that many as- 
sumptions or ancillary data are re- 
quired for the computation of abso- 
lute air contents. 

The dual-pressure technique 
shown here gives dispersed-air con- 
tents with no restrictive assumptions. 
Furthermore,  data  such as  those 
shown in Fig.  5 contain mass- 
transport information from which we 
are attempting to estimate average 
bubble size. However, there are two 
significant disadvantages to our dual- 
pressure measurement technique. 

1. Valves must be opened and closed, 
making the technique cum- 
bersome. 

2. The technique is slow, typically 
requiring 100 s per set of meas- 
urements. 

We were able to collect good data 
with the PAM sensor. However, we 
feel the densitometer offers several 
advantages. Densitometers are fast, 
rarely in need of calibration, and 
require only a simple, small pipe 
connection to collect a small stream 
of pulp. By contrast, the PAM sensor 
either must be plumbed in and thus 
protrude into the stock line, or a 
significant quantity of pulp must be 
circulated through a PAM sample 
cell. Further disadvantages of the 
PAM sensor include the use of me- 
chanical seals, valves, and moving 
parts, any of which can fail. The PAM 
sensor is also slow, requiringabout 30 
s per measurement. 

The techniques studied in this work 
were targeted a t  the analysis of 
newsprint headbox pulps. Obviously, 
the instruments have application in 
other pulp-processing operations, 
including the characterization of 
dispersed air in flotation cells and in 
brownstock washing systems. 

Conclusion 
The amount of dispersed air in news- 
pr int  pulp suspensions can be meas- 
ured using off-the-shelf densitom- 
eters. The densitometer must be run 
with flowing pulp to prevent artifacts 
caused by bubble coalescence or 
migration to or from the measuring 
tube. Two measurement techniques 
were demonstrated.  In  the first ,  
density was measured continuously to 
obtain relative a i r  contents. The 
second technique involves measuring 
the density of an isolated sample a t  
two pressures, thus permitting direct 
calculation of dispersed air content. 

The densitometer shows that  a 
change in pressure induces mass 
transport between dispersed and 
dissolved gas states. This behavior is 
expected to be operative in the ap- 
proach system of a paper machide.0 
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