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CHAPTER T

OBJECTIVES AND SUMMARY

This report is the final summery of the research program performed
for the Detroit Arsenal under Contract No. DA-20-089-0RD-3%6962 (Engineering
Research Institute Project No. 223%), The program consisted of two parts.

One was an investigation of snow and ice accumulation in air induction systems
and the other was a study of the performence of induction air cleaners and
their principles of operation.

Progress on this program was reported to Mr. C. R. Denton of the
Engine Branch, Research and Development, Detroit Arsenal. These included both
oral and written reports which were transmitted as the progress had reached
definite stages. Substantial progress was made on both parts of the program,
but work was slowed for the last half of the period and eventually halted for
lack of funds. Long strides can be made in this area, based on the knowledge
gained.

The areas of interest in the program were defined in the contracts
and are restated here, followed by a summary of the action.

ICE AND SNOW INVESTIGATION

"OBJECTIVE:

"To perform an engineering investigation and study into methods of
safeguarding military vehicles against snow and ice accumulation in the air
induction system.

"REQUIREMENTS :

"A, The Contractor...shall furnish...a study of the effects of snow
and ice accumulation in air induction systems of military vehicles which shall
include, but not be limited to the following:

1
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1. A study of the causes of snow clouds and their characteristics.

2. A study of characteristics of vehicles which influence the formation
of snow clouds.

5. A study of Meteorological conditions such as temperature, winds, ice
and snow crystalline structure which are conducive to cloud formation.

L, Analysis of the flow of air through the induction systems of the
vericles encountering the accumulation of ice and snow.

5. Effects of the geometrical arrangements of the air induction system.
6. Effects of components such as filters and carburetors.

T Effects of the nature and type of snow and ice crystals suspended in
air,

"B. Upon conclusion of the studies...above, the Contractor shall
perform an engineering investigation and evaluation of methods leading to an
elimination of ice and snow accumulation in the air induction system."

This inveétigation was divided into two parts. A study of the
general properties of snow and ice was made and their influence on air induc-
tion systems and air cleaners in particular was examined. The results are pre=
sented in Interim Technical Report No. 5, "Effectiveness of Air Cleaners
Operating in Atmospheres Containing Snow," by R. J. Dean, A. Weir, C. Tott,

S. He Reich, and R. B. Morrison, November, 1956.

An experimental study on a quarter=-section Donaldson oil-bath air
cleaner showed that part of the induced snow will remain in either a wet or dry
alr-cleaner reservoir, part will be trapped in the filter element, and part
will pass downstream into the air induction system. Snow collection efficiency
in the air cleaner is a function principally of reservoir fluid temperature and
the rate of snow induction. Collection efficiencies are generally less than
80 percent, Air-cleaner pressure losses reach a maximum and air flow rate a
minimum for a given snow volume in the cleaner. Addition of more snow does
not change these values for this "blocked" condition. Snow in the air cleaner
may reduce the air flow rate by a factor of nearly four.

A supplement to the report on this program is a time-lapse motion
picture showing an air=-cleaner section in operation on air containing snow.

This program indicates that a precleaner might improve the overall
performence of the snow-removal system, especially if adequate continuous re-
moval of collected snow from the precleaner can be worked out.
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ATR CLEANER INVESTIGATION

"OBJECTIVE:

"To perform an engineering investigation study into the performance
of induction air cleaners and their principles of operation.

. "REQUIREMENTS :
"The Contractor...shall,..accomplish the following:

1. Conduct a study into the performance of air cleaners and their
principles of operation, [with] the objectives of:

a. Determining the basic principles involved in the mechanism
of operation of existing air cleaners and measuring the limits
~ and quantitative effect of these principles on performance,
with first emphasis upon the oil bath units now employed ex-
tensiﬁelyo

b. Organizing these principles and quantitative measurements to
furnish a basis for evaluating new design, developing improve-
ments in existing cleaners, and developing new designs.

co Purnishing technical background for preparation of revised
specifications for air cleaners.

2o The above study shall be conducted in accordance with, but shall not
be limited to, the following procedure:

a. The Contractor shall gather existing information on principles
and performance of various air cleaners by thorough review of
the technical literature, interviews with personnel of the
armed services, examination of service reports on performance
and maintenance, and interviews with manufacturers of air
cleaners., '

b. The Contractor shall conduct experimental studies on cleaners
to determine flow patterns, comparative performance of individ-
ual components of different design and construction material,
and effect of varying operating conditions. These will include
photographic studies of performance, measurement of pressure
losses, dust removal and oil losses.
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co The Contractor shall prepare modified and experimental cleaners
and instrumentation for the study of cleaners, and cooperate in
testing of such cleaners, under standard conditions, in Govern-
ment laboratories, for comparison with routine Government tests.

do The Contractor shall analyze and interpret the results of parts
() and (c) and prepare interim technical reports and evalua-
tions of"cleaners, procedures and designs as progress warrants,
including the furnishing of the technical background and assist-
ance necessary for the preparation of specifications.”

The following written reports were submitted:

1. Interim Technical Report No. 1, "The Prediction of Dust Removal in
an 0il-Bath Air Cleaner," by Seymour Calvert, July, 195k,

2. Interim Technical Report No. 2, "Evaluation of Proposed Test Methods
for Air Cleaners," by Seymour Calvert, J. L. York, Thomas E.
Slykhouse, and Donald M. Arveson, March, 1955

5« Interim Technical Report No. 3, "The Performence of Packed Sections
in Oil-Bath Air Cleaners,"” by Seymour Calvert, May, 1955

L, Interim Technical Report No. 4, "Pressure Drop and Flow Patterns in
the Impingement Section of an Oil-Bath Air Cleaner," by Seymour
Calvert, Henry J. Hartog, Hadley J. Smith, Robert M. Pease, and J.
Louis York, May, 1955, '

5. Interim Technical Report No. 6, "The Collection of Salt Dust on Dry
Wires," by Seymour Calvert, (presented as Appendix C of this summery
report ).

This investigation dealt primarily with oil-bath air cleaners
although some of the results are applicable to other types of air cleaners.,
In the oil-bath air cleaner there are two major zones of action. The first
zone encountered by the air is the impingement section in which the air
stream is deflected by a relatively large conduit element and simultaneously
is contacted with oil. The second zone is the packed section in which the
air stream leaving the impingement section passes through an array of small
solid bodies such as wire screen or other fibrous packing. The functions of
the impingement section are to remove larger dust particles and to'introduce
oil which is carried to the packed section. The functions of the packed
section are to remove the smaller dust particles and also to separate the
entrained oil from the air stream.

The research work was aimed at attaining an understanding of these
functions and at developing design methods which would ensble the prediction
of the characteristics of the basic air-cleaner elements. This involved the

following steps: n
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A. Concerning the Performence of the Impingement Section

1, Methods for predicting the dust collection efficiency from
theoretical considerations were applied and appeared to be
adequate. DBecause the dust collection efficiency of the im-
pingement section is considerably lower than that of the packed
section, it is not a critical component of overall collection
efficiency. :

2o The effect of geometry on the relationship between air flow rate
and pressure drop was evaluated both experimentally and theoret-
ically. Design methods were developed for the prediction of thid
relationship. Oil flow was found to have a negligible effect on
this relationship at higher air flow rates.

%o Flow patterns were studied by means of both smoke streams in an
air-flow model and tracer particles in a water-flow model. The
characteristics of the flow patterns and the effects of geometric
changes are presented in photographs and drawings.

B. Concerning the Performance of the Packed Section

1o A.metﬁod for predicting dust collection efficiency from theoret-
ical considerations was compared with experimental data. The
prediction seems adequate for wetted packing but is considerably
in error for dry packing (wires). :

2. A method for predicting the relationship between air flow rate
and pressure drop has been developed and is adequate for design
purposes. The effect of oil flow on this relstionship is
negligible below the flooding point.

3. Flooding points have been correlated as functions of fluid flow
rates, fluid properties, and packing properties.

C. . Concerning Test Methods for the Determination of Dust Collection
Efficiency '

l. The two methods used in this work involved the use of solid
particles as the test dust. Dispersed silica dust and spray-
dried salt dust were employed.

2.  Several alternate test methods were evaluated for possible use
in future work. A technique based on analysis by means of light-
scattering measurements appears to be the most promising.




— The University of Michigan . Engineering Research Institute

- CHAPTER IT

DISCUSSION OF RESULTS

The results of this investigation have been set forth previously in
Interim Technical Reports, with the exception of the material covered in Re-
ports 5 and 6, appearing simultaneously with this report. In all cases a
complete exposition of the work is given in the interim reports and we shall
not include all of the details here. Rather, it is our intent to summarize
and integrate the major findings and to guide the reader to the interim re-
ports for further detail., We will first discuss the impingement section, next
the packed section, and, finally, test methods.

THE IMPINGEMENT SECTION

The physical nature of the impingement section is shown in Figs. 18
and 25 from Interim Technical Report No. 4 (see Appendix A, page 54, and
Appendix B, page 68), which show a detailed sketch of the impingement section
of the cleaner and a half-section through a Donaldson air cleaner. This
particular air cleaner is representative of the best designs available
commercially. In operation at normal or high speed, most of the oil which
originally filled the baffle cup is blown out of the cup. Most of the oil
contacting the air under this condition enters the air stream either by over-
flowing the edge of the cup or by flowing down the periphery of the central
tube,

The two major questions concerning the impingement section are how
to predict its dust collection efficiency and how to predict its pressure-
loss characteristics., Prediction of dust collection efficiency was covered in
Interim Technical Report No. 1.

Two methods of prediction, both baesed on a description of particle
trajectories as influenced by particle inertia and drag exerted by the air
stream, were employed. The first method wes derived from the premise that
the trajectory of a particle in a turning air stream may be approximated as
that which it would follow if the air mede an angular rather than a curved
turn.  The particle was assumed to be thrown into still air at a given initial
velocity end the distance it would travel before being stopped by the air

6
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resistance was calculated, If this distance is at least equal to the par-
ticle's distance from the baffle cup, the particle will strike the baffle.

The second method was based on the Ranz a.nd'Wongdata2 for the
collection efficiency of round and rectangular jets striking flat plates. It
was assumed that the impingement section could be considered to be a round jet
followed by a rectangular jet., The dimensions of the rectangular jet are
given by the width of the air stream at the vena contracta after the first
bend (round jet) and the circumference of the circle passing through the same
position,

The two methods gave practically identical results. The predicted
collection efficiency of the impingement section in a Donaldson cleaner
running at full capacity was about 48 percent for AC fine dust and 79 percent
for AC coarse dust. The impingement section has the characteristic of re-
moving substantially all dust larger than about 1D-micron diameter and sub-
stantially none smaller than S5-micron diameter.

, Because the use of the Ranz and Wong data is much simpler than the
other method, it is recommended. Briefly, this method is based on the use of |
a graphical relationship between collection efficiency and a collection
parameter, V. The relationship is valid where the motion of the particles
may be described by Stokes' Law, It is shown in Fig. 1 (Fig‘ 6 from IoToRorl%

The terms in the parameter, V¥, are as follows:

o
1

a dimensionless correction for slip flow which is
substantially equal to 1 for particles larger than
1 micron,

Pp = particle density,

Vo = average velocity of gas streem,
b = gas viscosity, and
Do = Jet width or diemeter.

The pressure drop and flow patterns for the impingement section were
covered in Interim Technical Report No. 4. As described in that report, the
results were as follows:

"Our main interest in the impingement section centers around its
effect on the flow of air. It functions incidentally to provide a flow of oill
into the packed section and to establish a tranquil zone in which collected
dust can settle out of the oil. The two mein questions whose study is re-
ported here are:
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1, What is the relationship between pressure drop, air flow rate,
impingement section geometry, and oil flow rate?

2, What are the flow patterns in the impingement section and in the air
stream just entering the packed section?

"Chapters I and II [of I.T.R. 4]deal with the first question. Ex~-
perimental work on the flow of air through various models of impingement
section geometry is described in Chapter I, Analyses of the data gave an
empirical relationship between pressure drop, air flow rate, and geometric
parameters such as tube and baffle sizes and the distance between the tube
outlet and the baffle.

"This relationship is valid over a wide range of geometric parame-
ters and provides a convenient method for prediction of pressure drop for air
flow through baffled systems such as the impingement section. The data on
two-phase flow (air and oil) showed that at high flow rates the behavior of
the two=-phase system can be described by the single-phase relationships with
accuracy which is adequate for design purposes.

"An analysis of the problem of air flow through baffled systems of
this type is given, in Chapter II. The result of the analysis is a general-
ized method, based on ideal fluid-flow theory; which predicts pressure drop
versus flow rate relationships which agree satisfactorily with both the data
on experimental impingement-section models and the data on a production=-model
Donaldson Company air cleaner. Experimental data on the pressure drop versus
flow relationship for a production=model Donaldson Company 410 cfm air cleaner
are also presented and analyzed in this chapter. Possible design modifica=-
tions are indicated which would alleviate the undesirable conditions of high
pressure drop in the entry section and uneven flow distribution in the outlet
secticon of this cleaner.

"Flow visualization experiments on impingement section models are
described in Chapter IIT, The principal methods of determining the flow
patterns involved visual observation and were a smoke-stream technique used
on a three-dimensional model and a free-surface water-tunnel technique used
on a two=dimensional model. Photographs and drawings of these experiments
show the flow patterns encountered. Design modifications are suggested for
attaining more desirable flow characteristics. The velocity distribution in
the stream entering the packed section is uniform in almost all (geometric)
cases,"

The correlation derived from experimental data consists of an equa=-
tion with one empirical constant and a graphical relationship between the con-|
stant and geometric parameters., The equation is:

2
AP o= Kp L, (1)
2g
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The variables involved are:
AP = pressure drop for the turn (1b/ft2),

V = average velocity in the center tube (air inlet to
baffle) (ft/sec),

p = air density (1b/ft3),

h = baffle spacing (distance from end of center tube to
baffle) (inches),

D = Dbaffle diameter (inches),

H = bvaffle rim height (inches),

d = center tube diemeter (inches), and
g = 32.2 ft/sec?,

The relationship between K and the geometric varisbles is shown in
Fig. 2 (Fig, 9 from I.T.R. L),

A more rigorous and general relationship was derived in Chapter II
of Interim Technical Report No. 4., Because of its complexity, it is not ad-
visable to take the equations out of context and since this is a very importard
part of the design method it appears desirable to reproduce this chapter
photographically as Appendix A,

The discussion of flow patterns cannot be condensed intelligibly,
therefore Chapter III of Interim Technical Report No. 4 is also reproduced
photographically as Appendix B.

THE PACKED SECTION

The physical nature of the packed section is illustrated in Fig. 25
of Interim Technical Report No. 4 (Appendix B, page 68), where it includes the
Tirst screen and the distributed screen. In operation the air leaving the
baffle cup carries oil along with it into the packing., The entrained oil is
separated from the air by collision with the packing elements and returns to
the impingement section by running down the outer wall and the outside of the
center tube.

The major functions of the packed section are to collect dust which
has escaped the impingement zone and to prevent the carry-over of oil, The
0oil,; which is blown into the packing from the impingement section, washes the
packing fibers clean and acts as an adhesive for the retention of dust.

10
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The major point of interest concerns the mechanism by which fibrous
elements collect dust and the possibility of predicting collection efficiency.
In I.T.R. 1 it was proposed that collection by impingement seemed the most
likely mechanism and presented a method for computing the collection effi-
ciency for fibers. Following that, there remained the task of obtaining ex=-
perimental verification of the theoretical analysis. Consequently, an ex-
perimental investigation of dust collection efficiency was initiated. " Severall
months after this, a paper concerning an investigation of the collection effi-
ciency of metal wool fibers was presented; and the data established the
validity of the theoretical method of prediction. As a result of this good
fortune, it was not necessary to continue with as extensive a program as
originally planned, although it seemed advisable to get some limited data on
the collection efficiency of round wires and to evaluate the effect of mixing
in the air stream within the bed.

Another significant point of interest concerns the functions of
fibrous packing as an oil entrainment separator. It very quickly becomes
apparent that the problem here is not one of capturing the oil drops, since
this is easily done, but rather of preventing the re-entrainment of drops due
to the flooding of the packing. This phenomenon is seen as "oil carry-over"
in air=cleaner operation and it is this which dictates the upper limit of air-
cleaner capacity. Consequently, the determination of flooding points was in-
cluded in the expe}imental program,. Also included in the experimental progran
was the study of pressure drop for air flow through fiber beds.:

The experimental data on the behavior of packing materials have
been obtained from the operation of packed columns which did not include an
impingement section.

The dust collection efficiency was predicted and determined ex-
perimentally. Efficiency can be predicted quite well for wetted wires, but
it cannot be for dry wires, The subject is covered in Interim Technical Re=
ports Nos. 1, 3, and 6, A brief introduction to the subject is given in Re=
port No. 3.

A preliminary study of the literature on the subject of aerosol
collection resulted in the belief that the principal mechanism of collection
in an oil=bath air cleaner is by impaction. In other words, the principal
force causing the separation of a dust particle from the air stream is iner=
tia. The behavior of particles subjected to inertial forces when an air
stream passes around solid objects has been studied by several investigators
and the equations describing the particle trajectories have been solved.
These data on particle trajectories have been interpreted in terms of collec-
tion efficiency and this interpretation is presented in graphical forma2

A plot of collection efficiency versus the collection parameter is
shown in Fig. 3 (Fig. 1 from I.T.R. 3). This plot shows the fraction of the
particles originally traveling toward the target which will strike it. It

12
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can be seen that the collection efficiency depends on the particle size and
density, the gas velocity and viscosity, and the collection diametér, Effi=-
ciency increases with increasing particle size and gas velocity, and decreases
with increasing collector size,

One method by which this information may be applied to the predic=-
tion of packed-section collection efficiency has been fully described in
Interim Technical Report No. 1. An illustrative example was given for a sec=
tion of screen packing similar to the lower element in a production-model of a
Donaldson oil=bath air cleaner such as is presently used on tank engines. The
efficiency prediction has been worked out in more detail since then and the re+
sults are given in Table I.

TABLE I
PREDICTED COLLECTION EFFICIENCY FOR THE PACKED

SECTION OF A DONALDSON COMPANY
NO. A-14111 OIL-BATH AIR CLEANER

. . Fine Dust
St o 5 Air Velocity, Col . REeicd
age omponen ft/sec ollection Efficiency

of Air Cleaner, %

1
Removable element, 50 86.9
7 layers of 1lhk-mesh screen, 25% 80.4
0.0165" wire dismeter. 16.7 765
12.5 4,2
2
First fixed element, 12,5% 88, T**
12 layers of crimped 8-mesh
hardware cloth, 0.015" wire
diameter.
5 .
Final fixed element, 12,5% 90, 66%*

26 turns of crimped 12-mesh
screen, 3" deep, 0,0105"
wire diameter.

*Velocity at rated capacity.
**Cumulative efficiency, including that of previous stage(s) at rated capacitys

The data in Teble I show the effect of air vélocity on collection
efficiency in the first stage, as well as the decreasing contribution to effi=
clency made by the following stages. It is interesting to note that while an
increase in velocity from 25 to 50 feet per second in Stage 1 gives almost as
great an increase in efficiency as doeihthe addition of Stage 2 at rated
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velocities, it is not accomplished in the same way. The increase in velocity
results in a higher collection efficiency for small particles, while the in-
crease in bed depth, even though at a lower velocity, results in a greater
total collection efficiency for particles larger than the minimum size. This
is indicated by the predicted efficiencies for various particle sizes, as
given in Table IT,

TABLE IT
PREDICTED COLLECTION EFFICIENCY FOR VARIOUS

PARTICLE SIZES IN EACH OF THE PACKED STAGES
OF A DONALDSON COMPANY NO. A-14111 OIL-BATH CLEANER

Collection Efficiency, %

Particle Dia,

) Stage 1 Stage 1 Stage. 2 Stage 3
micron 25! /sec 501 /sec 12.5'/sec 12.5'/sec

1 16,0 56,6 0 8.k

2 63,0 5.5 TL.2 23,6

3 TTok . 86.8 73,6 48,5

L 85.3 91.8 81.0 65.5

5 90,0 ok, 2 88.4 79.0

6 92,7 95.3 91.9 88,0

T gh,1 95.9 9k,1

8 95,0 95.4 93.0

9 96,8 96.% '

10 97.0 96,8 95,0

Note: These predictions are based on Ranz and Wong'52

on the assumption that mixing is complete.

experimental data and

In general, it can be seen that the theoretical method of efficiency
prediction is quite informative and is certainly of value in pointing out the
relative merit of various types of packing and the effect of air velocity.

The accuracy of the predictions has been validated by several experimental
studies on the collection of liquid drops on single collectors although at the
time this program began there were no experimental data on the collection of
solid particles by multiple elements. Although there seemed to be little
doubt that solid particles would behave in the same fashion as liquid drops,
the relationship between the behavior of single collector elements and groups
of elements had not been established nor was the effect of the scrubbing
liquid known.

An experimental program for the study of fluid-flow characteristics
and collection efficiency of fibrous packed sections was initiated. At the
time when the pressure=drop and flooding-point runs on various sizes of steel

15
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wool had been completed and collection=-efficiency tests were beginning, a
paper on the collection efficiency of water-washed metal wool was presented by
R. G. Calkins.l That investigation involved the experimental determination of
collection efficiency for two different grades of metal wool and three differ-
ent types of dust. The data showed that the collection efficiency can be
predicted with an average error of about 2% (high) and a meximum of 5% (high).
It was found that the flow rate of the scrubbing liquid (water) had little or
no effect on the collection efficiency so long as there was sufficient flow to
wash the fibers clean.

This information was quite helpful, although there remained one
point which was not completely settled. That was the relationship between the
behavior of a single collector wire and the behavior of a group of wires.
While Calkins' data can yield an answer on this point, it is only a partial
answer since he made experimental determinations with fibers which had a tri-
angular cross section and based his predictions on cylindrical collectors with
an "equivalent diameter." Consequently, our experimental program was directed
toward the investigation of beds of cylindrical wires so that the effect of
irregular collector cross section would be eliminated.

Experimental work with silica dust and oil-washed wires showed:

1. The dust collection efficiency of fibrous packing can be pre-
dicted to within an average of 2 percent, except for knitted-
mesh-type packing, for which the predictions were as much as 7
percent high.

2, The assumption of no mixing of the air stream within the bed
appears to be the most suitable.

3. The collection efficiencies predicted by Langmuir and Blodgett
give the best agreement.

These conclusions are questionable for collection of dust on dry
wires as shown by Interim Technical Report No. 6 (Appendix C). The method is
adequate for the prediction of efficiency for deep, dense beds of wetted
fibers, but it is considerably in error for shallow, low-density beds. With
the data at hand it is not possible to go much further than this toward either
evaluating or refining the method. The crucial point seems to be whether the
collisions of particles with collectors will be effective or whether there
will be an appreciable amount of bouncing-off.

Pressure drop for air flow through beds of fibers can be predicted
by the following equation if the distance between fibers is at least 8 fiber
diameters:

Cp vZ pp pg L
AP = ]
TPy Ty &

16
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where
AP = pressure drop (1b/ft2),

v = airvelocity (1b/sec),
P = bed density (lb/fts):
pg = 8&as density (1b/ft3),

L = Dbed length (ft),

x = 3.1419,

py = fiber density (1b/ft3),

r, = fiber radius (ft),

8. = 32.2 (ft/sec?), and

Cp = drag coefficient for packing fibers.

The application of this relationship to the prediction of pressure
drop for air flow tﬁrough beds of round steel wire is shown in Fig. 4 (Fig.
10 in I.T.R. 3). No data are available to evaluate the effect of the inter-
action of flow patterns around fibers for dense beds. An empirical relation-
ship defining pressure drop for air flow through beds of steel wool was
developed as follows:

1 1.7
_ﬁ—z; = Og 021 OVS 9
el lo1
B Rp D,
where
AP" = pressure drop (inches of water),

L = bed length (ft),

pp = bed density (gm/em®),

v = superficial linear velocity (ft/sec),
Rp = ratio of wire spacing to wire diameter,
D, = wire diameter (inches), and

. oy
d = wire spacing = ry,|—
B

17
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The flooding point of a packed column is the gas rate at which

© liquid is blown out of the column when it is operated at a particular liquid
rate., It i1s therefore an upper limit on alloweble gas velocity for any )
particular liquid flow rate. Experimental data on the flooding of steel-wool
and copper-wire packing were correlated by an extension of the Sherwood
correlation for packed columns.,5 This correlation is shown in Fig. 5 (Fig.
14 of I.T<R. 3). The definitions of the symbols used in the correlating
groups are as follows:

u, = superficial gas velocity (ft/sec),

S = surface area of packing per cubic ft of column
volume (ft2/ft3),

g = %2.2 (ft/sec2),
F = fraction voids (ft3/ft3 of tower),

p = density (1b/ft3),

u = viscosity of liquid (centipoise),
L' = superficial 1liquid mass velocity (1b/sec/ft%), and
G = superficial gas mass velocity (1b/sec/ft%).

The direct application of the flooding-point correlation to the
problem of flooding in oil=bath air cleaners cannot be made without knowing
the relationship between liquid holdup and the flow rates. Liquid holdup in
an alr cleaner is determined by the emount of o0il which can be blown out of
the baffle cup. Flooding points for an air cleaner should thus be stated in
terms of the air rate which causes flooding for a given quantity of holdup
per volume of packing,

TEST METHODS

The subject of test methods for determining dust collection effi-
clency was covered in Interim Technical Report No. 2. The following is re-
produced from that report:

"After several months of study it became apparent that the biggest
deterrent to rapid progress in the experimental testing and evaluation of air
cleaners was the lack of a satisfactory dust collection efficiency test. The
method widely used by air=-cleaner manufacturers and the Detroit Arsenal con=
sists of dispersing A, C. test dust in air, feeding the resulting suspension
to an air cleaner, and filtering the entire effluent stream through Canton
flannel. The collection efficiency is determined from the weight loss of the
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Fige 5. TFlooding=-point correlation for fibrous packing.
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dust feeder and the weight gain of the "absolute" filter. There are several
drawbacks to this method.

"First, the dust feeders employed do not completely de=-agglomerate
the test dust. As a resulty=the dust dispersion product has a larger mean
particle size than the size analysis of the A. C. dust indicates and the effi-
clency of the air cleaner is higher than it would be for a true dispersion of
the test dust. This is indicated by the fact that a precleaner attached to an
oil=bath air cleaner causes the combined efficiency to be lower than that for
the oil-bath cleaner alone. Also, passing the dust-laden air from a "stoker"
type dust feeder through an air Jjet ejector causes the collection efficiency
of an oil=bath air cleaner to drop from around 98 percent to the range of from
60 to 80 percent, Since the effect of both the precleaner and the ejector is
‘to break up agglomerates (lLittle or no primary grinding occurs), it is obvious
‘that the original test dispersion contained an spprecisble quantity of agglom-
.e&ates of small particles,

"Second, the absolute filters are quite troublesome to use since they]
must be large (because of their pressure drop and efficiency limitations) and
will absorb moisture., Considerable time is expended in running a test long
enough to collect a weighable quantity of dust on the filter, dismaentling and
drying the filter cloth, and in weighing the cloth and filter holder. Because
‘the filter is so larée, an abnormally large analytical balance must be used in
order to accurately determine its weight.

"Third, the range of efficiency obtained with the incompletely dis-
persed A. C, test dust is so high that variations in air-cleaner performance
are reflected by changes in efficiency of about one percent and are conse-
quently hard to detect. Another disadvantage of the high efficiency range is
that any sort of filtering or sampling process performed on the effluent air

must bte carried out for a long time in order to collect enough dust tc weigh.

"The situation may be summarized by stating the requirement which a
good test method would fulfill. These requirements are as follows:

1. The test dust should be completely dispersed and agglomerate-
free so that its actual particle=-size distribution in suspension
is known.

2. The particle=-size distribution of the test dust should be such
(i.e., small enough) that the efficiency of a standard air
cleaner will be approximately 50 percent and chenges in air=-
cleaner design and performance will cause appreciable variations
in collection efficiency.

%, The method for determining the dust concentration in the inlet
and outlet air should be accurate and rapid and, i1f possible,
should provide a continuous record of instantaneous readings.
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The time required for an efficiency test should be no longer
than about 10 minutes,

"POSSIBLE IMPROVED TEST METHODS

"Quite a few methods can be conceived, many of which have been re=
ported in the literature, which offer promise for meeting the requirements for
a good collection efficiency method. The basic points of these methods may be
classed as methods of dispersal, methods of sampling, and methods of aerosol
analysis without sampling. Among the methods of dispersal are the redispersal
of a powder in air, the spray drying of a solution containing a dissolved
solid, the condensation of a vapor to form liquid droplets, and the formation
of liquid droplets by atomization. While the employment of liquid drops has
some advantages, it was considered more appropriate to employ solid particles
for the testing of oil=-bath cleaners since their retention in the cleaner is
partially dependent on their being wetted by the oil. Some sampling methods
suitable for this application are wet collection (preferably of a soluble dust),
electrostatic precipitation, thermal precipitation, and filtration with a
millipore filter. All of these methods would be applied to the separation of
dust from a small sample of the total air stream. To insure that the sample
be representative it would have to be taken under isokinetic conditions; that
is, the velocity intod the sample tube must match the local velocity of the
main air stream. While the last three methods listed are capable of very high
collection efficiency, they all require the disassembly of apparatus and the
removal of the captured sample for weighing. The first method listed is not
quite as efficient as the others, but it possesses the attractive feature of
being capable of continuously dissolving the dust in a solution whose proper-
ties can be measured.

"The principal methods of analysis without sampling involve the
application of light-scattering measurements or the use of radioactive tracers

as test dust. Both methods have the advantage that they can continuously
monitor a flowing stream without having to collect the suspended material,

"THE EVALUATION OF PROPOSED TEST METHODS

"While there was not sufficient time available under the present cons
tract to fully explore and develop the possibilities for improved collection
efficiency test methods, it was considered worth-while to briefly study and
evaluate the most promising. The processes chosen for study were methods of
redispersing powders in air, the spray drying of a salt solution, the analysis
of a salt-dust suspension by means of a wet-collection device, the application
of light-scattering techniques to aerosol analysis, and the use of radioactive
test dust. The investigation of powder dispersal is still in progress and will
be reported later. The evaluations of the remaining processes are presented inl
this report and may be summarized as follows:
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1. Spray drying is a feasible process for the preparation of a
suspension of salt particles suitable for air-cleaner testing. An experimen-
tal investigation of the characteristics of the dust produced by drying an
air-atomizing spray indicated that a suitable quantity of dust ranging in
size from O to 10 microns can be produced with simple apparatus. The maximum
size of the particles can be controlled as desired by the proper design and
operation of the apparatus.

2. The continuous analysis of a salt-dust suspension can be accom=-
plished by the combined use of a wet-collection device and apparatus for meas=-
uring the electrical conductivity of the collecting liquid. Several collec-
tion devices were tested, and it was shown that both wet impingers and fiber-
packed scrubbers are suitable, This type of device could be applied to the
analysis of either a sample of the air stream or the entire stream.

5. Light=-scattering techniques offer considerable promise as a
rapid analytical method. The properties of a light-attenuation system were
predicted by means of computations based on light-scattering theory as applied
to a representative test dust (silica)n It is shown that the method is
capable of about 1/2- to l=-percent accuracy in collection efficiency deter-
mination and that it is most sensitive to the smaller particles. The measure-
ment of forward scattering is another possibility along this line and could

result in an even more sensitive method.

L, The use of a radiocactive tracer as a test dust or as an additive
to test dust would be feasible and would offer no great problem in protection
from radiation. The most suitable tracers would be phosphorous 32 and sulfur
35, which are both beta emitters. The employment of Geiger counters as
monitors on the inlet and outlet streams from an air-cleaner would permit the
determination of collection efficiency to about 2= to S=percent accuracy.
Since the tracers have short half-lives, the disposal of sludge, etc., would
be safe after a retention period of a few weeks.

"A comparative evaluation of these methods leads to the recommenda-
tion that light-scattering techniques be the first choice for development as
a routine analytical method. The second choice would be the use of a spray=-
dried salt dust and the wet=collection plus conductivity measurement analyti=-
cal system. The use of radicactive tracers is not recommended as a routine
test method because of the complexities of scheduling and the safety precau-
tions required."
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CHAPTER ITI

CONCLUSIONS

As a result of the work done on this program it is apparent that
oil=bath air cleaners can be designed on the basis of engineering ccnsidera=-
tions. Performance can be predicted within reasonable accuracy even though
there remain some areas of doubt and some relationships still to be determined
Certainly the relative merits of alternative designs can be evaluated with
considerable reliability even though absolute magnitudes might be in error.
Our interviews with air-cleaner manufacturers pointed out the importance of
stressing this point since at least up to 1955 there was practically no appli-
catlon of science to the design of commercial engine air cleaners.

Specifically, the situation at present is as follows:

L. TDust collection efficlency can be predicted with acceptable accuracy
for wetted systems although results on dry wires indicate that the subject is
not completely understood. Further werk is required.

2o Pressure drop can be predicted with acceptable accuracy and indica=~
ticns are that considerable improvement (lowering of pressure drop) could be
attained through design changes.

%, A rough indication of flooding point (or carry-over limit)may be pre-
dicted but further work must be done to relate 1t to liquid holdup.

4o Present collection=efficiency test methods are not satisfactory and

more prowising methods are known which could be developed.

no
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Theoretical Values of the Coefficient of the
Pressure Loss in the Cup Region of the Test Apparatus

The theoretical values of Cy, are calculated in Table III using
Equation (23)

L = -(}—C - Dg—l_lz ) (23)
(3)
where
Cc = b/a (34)
b/a = £ (c/a) (Fig. 17) (35)
c/a = 4 (n/a) (29)

which in effect specify the following relation for the test apparatus.
¢, = £ (n/da, D/A) (36)

giving theoretical values of Cy which are plotted as dashed lines in Fig. 13.
The experimental values of Cp in Fig. 13 are seen to agree with the theoretical
values within limits which are quite satisfactory for air cleaner design pur-
poses.

Having verified the formula (23) for Cy, a completely theoretical

expression for the pressure drop in the cup region of the oil spray test
apparatus may be written. Substituting (23) in (16),

D 2 . 1 E- - D 2 - 1 (57)
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where, by (8) and (10a),
AP = p - p, = 1/2(p Vi) (38)

Vi = Q/Al . (59)

Experimental Values of the Pressure Drop in
the Baffle Region of a Production Model Air Cleaner

Figure 11 presents a sectional view of the axially symmetric Donald-
son 410-cfm air cleaner. The static gage pressures were measured for a range
of flow rates up to 400 cfm at points indicated by circled numbers. This
section is concerned with the pressure drop in the baffle region as indicated
by the measurements at points a, bl, and b2. Figure 18 shows an enlarged view
of the baffle region and also the general character of the flow in this region
as observed in model tests.

The experimental values of K corresponding to the pressure drop in
the baffle region are calculated in Table IV and plotted in Fig. 19 as solid
lines. The presence of oil in the air cleaner is seen to have a negligible
effect on the drop in the baffle region. The relatively constant value of K
at the higher flows indicates that the rates of flow in the baffle region are
sufficiently high so that Reynolds' number is not a factor.

Theoretical Values of the Pressure Drop
in the Baffle Region of the Air Cleaner

In Fig. 18 the velocity is known to be essentially uniform over the
cross sections of 1 and 2 for the same remsons as given for the corresponding
points of the test apparatus. The flow leaving the first screen was observed
to be uniform in the water channel tests of two-dimensional models. Conse-
quently, the velocity V4 is taken as uniform over the upstream surface of the
first screen. Specifically, the velocity V4 is assumed to be uniform over an
area A4 consisting of the total area of the stream as it passes through the
upstream (first) layer of the screens comprising the first screen region.
Station 4 is taken in the first layer since this is the only point of the
main stream in this locality at which a uniform velocity distribution is
likely. The pressure measured at point b2 (or bl) is assumed to have the same
value as p4, & constant pressure over the area A4.
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The formula for the pressure drop between 1 and 4 may be obtained in
the manner demonstrated above in the analysis of the test apparatus.

Y - D A, 2 :
K:-_l-_iz__= 1 - (=) + O (40)
1/2(p V12) A
The pressure-loss formula (20) will also apply:
5 2
pr, = 1/2(p Vi7) (Ay/Az - Ai/A4) (20)
and since Cp is defined by (11) as
2
p, = Cp (L/2Vy), (k1)
we have
o = aoo By myE (x2)
L A2 Ag Ce Aq

where C, is still determined by Fig. 17 and the set of equations [(34), (35),
and (29)] which are listed together on page 9. Then (40) becomes

Ap\2 1 Al
K = 1 - —_ - 1
(=) + o il | (43)

If A4' is the gross annular area of the first screen region (the
area at 4 which is open to flow if the screens of the first region are re-
moved), and if C4 is the fraction of As' which is open (i.e,, which is not
occupied by the wire of the first layer of screen, the area open to flow in
this layer is C4A4'. If, then, Ceoq is the coefficient of contraction of the
portion of the stream through any one opening of the first layer, the area of
the total stream at station 4 is

Ae = Cog Cahy' (k)

28



— ENGINEERING RESEARCH INSTITUTE + UNIVERSITY OF MICHIGAN —

and

AL 1 /A
Ay Ceq C4 <Ai ’ (3)

Utilizing the area theorem of Pappus¥* to determine As', we obtain

A @ V3 1 6)
1 = > > = ’
he (2W3)(0a" - Dg°) ® 1 0ay? | Dy
which for the dimensions of Fig. 18 becomes
Ay
-+ = o.211 . (7)
Ay
In the Donaldson 410-cfm air cleaner, the first screen region consists of
layers of lk-mesh screen of 0.0165-in.-diameter wire. For this material,
C4 is readily computed to be
Ca = 0.5914 . (48)

The coefficient of contraction Ccs is given with sufficient accuracy
by that for a sharp edge, circular orifice in a round pipe. The coefficient
for the latter case is essentially the discharge coefficient plotted in Fig,
20%* agdinstthe square root of the Reynolds' number with the ratio of orifice
diameter to pipe diameter as a parameter. For the flow through the first
layer of the first screen region the value of this parameter may be taken as

k _ m - n _ 0.071% - 0.0165
n m - 0.071k - 0.1 (49)

¥Mechanical Engineers' Handbook, L. S. Marks (editor), 4th edition, 1941,
p. 111 (listed as the second theorem of Pappus in this reference).

**H. Rouse, Fluid Mechanics for Hydraulic Engineers, First Edition, McGraw-Hill
Book Company Inc., New York, 1938, p. 260.
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where m is the distance between the axes of parallel wires, n is the wire
diameter, and k is the length of a side of an individual square opening in
the screen. The Reynolds' number may be estimated as

where k' is the diameter of a circle of area k2. Ir

Q = 100 £t°/min = (100/60) £t>/sec
k = 0.0714 - 0.0165 = 0.0549 in. = 0.0549/12 ft, and

v = 18.5x 107> rt®/sec (kinematic viscosity for air
at 60°F and 29.5" Hg) ,

then

R = 2,509,000 at 100 cfm (51)

and

NR = 1,548 at 100 cfm.

This high value of R at only 25 percent of the maximum flow indicates (Fig. 20)
that Coq is independent of the Reynolds' number. Using the value in (49), and
consulting the portion of Fig. 20 corresponding to high values of R,

Cca = 0.63 . (52)

Substituting (47), (48), and (52) in (L5),

A 1
i (0.591h) (0.63) (0-211) = 0566 ©3)
and
(f‘f)z - ozl . (54)
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From the dimensions of Fig. 18, we obtain

h/d = 0.36 (55)
whence by (29)
c/a = 4 (h/d) = 1.4k (56)
and by Figure 17
C. = bla = 0.663, (57)
so that
1/C. = 1.51 . (58)

Then substituting (53), (54), and (58) into (43),

2

K = (1 - .%31) + (1.51 - .566) = 1.56 . (59)

This computed value of K is plotted as a dashed line in Fig. 19 where, at the
higher flows, it can be seen to be in essential agreement with the experimental
values. Equations (42) and (43) originally derived for the test apparatus,

are now verified for the air cleaner.

Minimum Pressure Loss in the Baffle Region

For the test apperatus, use was mede of the relation

aft a° ) 1
N T A @ WRF T ()

=
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To permit comparison of Cy, for the test apparatus and air cleaner, let (60)
define D/d in the latter case. Thus, by (53) and (60)

0.566 = ————— (61)

@ -1

and
(0/a)®> = 2.767, D/d = 1.663 . (62)

Using this value of D/d, the theoretical value of the loss coeffi-
cient Cy, of the cleaner is calculated from Equation (ME) as a function of h/d
(Table V) and plotted in Fig. 21. The value of Cp, for the present design of
the baffle region is, according to Equation (55), that corresponding to
h/d = 0.36. That is, Cy, = 0.89. The theoretical values of Cy for other
values of D/d are also plotted in Fig. 21 and have been taken from Fig. 13.

Comparing the experimental values of CL in Fig. 13 for the test ap-
paratus, we see that the data suggest the existence of minimum values of Cp
for certain values of h/d. By Equation (43) these points will correspond to
the minimum possible values of K, and thus of the pressure drop, for a given
value of Ay/Ag (i.e., of D/d). The experimentally determined minimum values
of Cp, are plotted against D/d in Fig. 22.

From Equation (42) it can be seen that the minimum value of CL will
correspond to a maximum value of C, which approaches the limit unity as h/d
(that is, c/a) increases in Fig. 17. These theoretical minimum values of CL
are calculated in Table VI and are plotted in Fig. 22 against the ratio D/d
representing the range of A;/A4 of interest.

It is apparent from Fig. 21 that the value of Cp = 0.89 for the pre-
sent design of the air-cleaner baffle region will decrease rapidly as h/d is
increased above its present value of 0.36. A further improvement will result
(Fig. 22) from decressing the ratio D/d, that is, from increasing the value
of Al/A4, if practicable.
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Distribution of Pressure Drop and Flow in
Various Regions of the Donaldson Air Cleaner

The pressure was measured at seven stations in the Donaldson 410-cfm
air cleaner (Fig. 11) for various air flow rates with and without oil in the
cleaner. When oil was present in the cleaner, the manometer connection was
tied into a bubbler, and an extremely low rate of air flow was allowed to pass
through the manometer tap into the air cleaner. The bubbler permitted obser-
vation of the flow and thus a continuous check against plugging of the line by
0oil. There was no indication of plugging at any time and, as shown in Fig. 23,
pressure drops measured with oil present agreed well with measurements made in
the absence of oil except in the main screen region where such agreement wsas
not to be expected.

Table VII summarizes the pressure measurements obtained. Table VIII
gives the pressure drops in the entry, baffle, main screen, and discharge
regions of the cleaner, as computed from the pressure measurements of Table
VII. In the following discussion, attention is devoted primarily to the
meximum pressure drops (occurring at the maximum flow), since these are an
important factor in design.

Effect of 0il on Pressure Drop

The average pressure drops in the various regions are plotted in
Fig. 23. At the larger flows where the higher pressure drops are encountered,
the data covers tests both with and without oil. At the maximum flow, the
presence of oil is seen to have a significant effect on pressure drop only in
the main screen region where it causes an increase of 500 percent. The
corresponding increase of pressure drop in the baffle region is only 12 percent.

Comparison of Pressure Drop in Various Regions

In Fig. 23 it is seen that, in the presence of oil and at meximum
flow, the pressure drops are about equal in the baffle, main screen, and dis-
charge regions. However, the drop in the entry region is much larger and, in
fact, is 4.8 inches of water or about 60 percent of the total drop through the
cleaner.
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The pressure drop in the baffle region has been analyzed above. The
pressure drop in the main screen and discharge regions is discussed below in
connection with the circumferential distribution of flow.

The large drop in the entry region was anticipated from the study of
two-dimensional models in the water channel. As noted in Chapter III, the drop
in the entry region can be substantially reduced by the addition of a ring-
‘type vane to divert flow through the space at the upper end of the down tube,
which is now occupied by an elongated toroidal eddy. This change may be
effected as a modification of the present design of the entry region, but
a redesign of this region may be preferable from a manufacturing standpoint.

In either case, it appears that the present entry baffle may remain unchanged
if so desired.

Circumferential Distribution of Flow

As can be seen in Fig. 11, the pressure-measurement stations in the
Donaldson air cleaner were selected so as to obtain an indication of the amount
of non-uniformity in the distribution of the air flow around the axis of the
cleaner. The pressure drops with oil present are plotted in Fig. 24 for both
the outlet side of the cleaner (side 1) and the opposite side (side 2).

The flow on the two sides appears to be quite uniform except in the
discharge region, where a marked non-uniformity appears to exist. Here the
pressure drop on side 1 is seen to exceed that on side 2 by a factor of 10.
This condition indicates that in the discharge region the flow on side 1 may
be more than 3 times that at 2, since the average drop in this region varies
approximately as the square of the rate of air flow. Such a non-uniformity
would represent a considerable overloading of the screen in the discharge re-
gion near side 1 and underloading elsewhere in this region. '

In the present design, the outlet restriction has been intentionally
varied around the discharge region, decreasing from side 1 toward side 2.
Also, a top view of the cleaner would show that the centerline of the outlet
nipple of the air cleaner is not located in a radial plane of the air cleaner,
but is eccentric, presumably in order to induce in the outlet manifold a
unidirectional circulatory flow about the axis of the cleaner. The varying
restriction and eccentric outlet should promote uniformity of flow in the dis-
charge region. However, it appears that they are inadequate for this purpose,
at least as now incorporated in the design of the cleaner.

Presumably, a more uniform flow could be cbtained by adopting a more
drastic variation of the outlet restriction from side 1 to 2, even at the
expense of increasing the average pressure drop in the discharge region.

34




— ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN —

Furthermore, any increase in pressure differential may be more offset by the
proposal for decreasing the drop in the entry region. An alternative and
preferable solution may lie in moderately increasing the variation of the
outlet restriction and also effecting a general re-shaping of the outlet
manifold which as now designed is not conductive to a stable pattern of the
flow within it. It may also be necessary to restrict circumferential flow in
the screen of the discharge region by some means such as that described next.

It is assumed that the placing of vertical guide vanes at various
radial positions in the discharge region is undesirable from a manufacturing
standpoint. 1In the case of the Donaldson air cleaner, the screen in this
region consists of 26 turns of crimped, 12-mesh screen of 0.0105-inch-diameter
wire. This screen differs from that used elsewhere in the cleaner. By virtue
of the observed non-uniformity which exists solely in the discharge region,
the screen used here must permit considerable circumferential flow as the air
stream approaches the outlet restriction. Since this tangential component of
flow is not of the unidirectional, circulatory type apparently intended, a
different type of screen in the discharge region which discourages all cir-
cumferential flow may give improved results. Such a screen would act in the
same manner as radial guide vanes without introducing the practical problems
caused by the latter. In this manner, the uniform flow now existing in the
baffle and main screen regions (Fig. 23) would tend to persist in the dis-
charge region.

Conclusions

The study of the cup region of the test apparatus and the baffle
region of the Donaldson 410-cfm air cleaner provides some insight into the
behavior of the air flow in these sections. The theoretical equation (38)
is shown (Fig. 13) to adequately relate the pressure drop, the rate of flow,
and the dimension ratios (h/d and D/d) of the test apparatus for a considerable
range of the latter ratios. The equation is also shown (Fig. 19) to be
applicable, at the higher rates of flow, to the baffle region of the Donaldson
cleaner. In view of this verification over a considerable range of size and
form of the flow boundaries, Equation (38) can be expected to apply to the
corresponding region of other sizes and models of air cleaners.

The application of these results to baffle region design is then
illustrated for the Donaldson cleaner. It is shown that in the case of this
cleaner the coefficient of pressure loss, Cy, can be decreased considerably
by increasing (h/d) slightly (Fig. 21) and also, if practical, by decreasing
(D/d) (Fig. 22). 1In general, if one of the set of dimensions h, d, or D (or
the equivalent set h, A;, and Ay) is specified, the analysis provides a guide
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in selecting the values of the others which will yield a minimum pressure loss
in the baffle region.

To illustrate a method of analyzing other regions of an air cleaner,
attention is then given to the distribution of the pressure drop and flow in
the various regions of the Donaldson air cleaner, as indicated by pressure
measurements at various points in the cleaner. The following conclusions are
indicated by the data:

1. The relation between the average pressure drop and the rate of
air flow is essentially unaffected by the presence or absence of oil in
the cleaner except in the main screen region, where a large effect is
observed (Fig. 23). Consequently, an analysis of the air flow in the
absence of oil, such as that carried out for the baffle region, would
be ineffective in the main screen region but could be expected to be
possible for the entry and discharge regions. However, such an analysis
in the latter regions offers but limited usefulness, since the various
cleaners differ substantially in the geometry of their entry and dis-
charge sections. Furthermore, as noted below, the measures for reducing
the pressure drop in these regions can be determined merely by observa-
tion of the flow pattern.

2. The average pressure drops in the baffle, main screen (with oil
present ), and discharge regions are about equal (Fig. 23). Consequently,
the possible reductions in the baffle pressure drop already noted (Figs.
2l and 22), would permit increasing the density of wire in the main
screen region, if desired, without increasing the overall pressure drop
in the cleaner.

3. The average pressure drop is largest in the entry region (Fig.
23) where it is about 60% of the total drop through the cleaner. Means
for reducing this drop are suggested by the study of the photographs of
the flow in the entry region and are discussed in this chapter.

L. The pressure-drop measurements on the outlet side (side 1) of
the cleaner and on the opposite side (side 2) are plotted in Fig. 2L.
The data indicate that the flow in the baffle and main screen regions is
of uniform circumferential distribution, but the flow on side 1 of the
discharge region is several times that on side 2. Several possible
solutions have been suggested in this chapter.

In general, the analytical study proved desirable in some regions
and not in others. However, it is seen that in a problem with abrupt changes
in the dimensions of the flow boundaries, such as in the air cleaner, it is
always necessary to have advance knowledge of the general shape of the main
air stream and eddy regions whether or unot an analytical study is made. With
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experience, the stream and eddy pattern can be predicted in simple cases, but
in general such a procedure is unreliable. It is also unnecessary to attempt
predictions of this kind in view of the ease and effectiveness with which the
water channel and two-dimensional models can be used to study the flow pat-
tern. The study of air cleaner models in the water channel is described in
Chapter IIT of this report.
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TABLE II'

EXPERIMENTAL VALUES OF COEFFICIENT OF PRESSURE LOSS IN TEST APPARATUS

d2
5

ShonE S chros 8 B % Q ol uh
2.00 .0938 .125 k. = 3, 3333 ,1111 . 7.01  T7.899 .167
250  .333 568 1.457 bk

375 .500 - .0k2 847 667

687  .916 - 263  .626 1.221

.750 1.000 - .255 .634 1.333

.938 1.250 .000 .889 1.667

2,22 .100 .111 k4,928 3,928 .2546 .0648 .9352 10.00 10.94%  .113
200 .333 860 1.795 .339

450 .500 2191 1.126  .509

550  .611 .000 .935 .622
LT00  .TTT - 179 .T%6 .91

.750  .833 L3 792 848

.901 1.000 .215  .720 1.018

2.66 .125 .125 T7.076 6.076 .1646 .02708 .97292  9.430 10.403 .082
233 .333 637 1.610 .219

584 584 - .010  .983 .385

666 666 - .05%  .920 .438

916 .916 - .170 .803% .603

1.000 1.000 - .202  .TTL .658
1.333 1.333 - .58 .915 .878

3,33 ,075 .125 11.089 10.089 .0991 .0098 .9902  10.620 11.610 .050
201 .333 .956 1.94%6 .13%2

401 666 - .010 .980 .26k

.53 1.250 - .207 .783% .Lk96

.883 1.466 - .207 .T783% .561

1.004 1.666 - .159  .831 .660
1.05% 1.750 - L127  .863 694

o)
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TABLE III

THEORETICAL VALUES OF COEFFICIENT OF PRESSURE LOSS IN TEST APPARATUS

o = |2.—1 |?
L = jc. D2
(3 -1
® ® @ @) @ C@
D/d h/d c/a Ce 1/Ce [2'2 1 5-©
L x@®  (Fig. 8) {1
2.00 125 .500 .27 3,704 .33%3% 3.337 11.1k
333 1.333 .63 1.587 1.254 1.573
.500 2.000 .813 1.230 .897 .805
.916 3.664 .975 1.026 .69% 480
1..000 4. 000 .985 1.015 .682 465
1.250 5.000 .996 1.00k4 671 450
2.22 J111 ik .26 3.846 .2546 3.591 12.90
323 1.333 .63 1.587 1.332 1.774
.500 2.000 .813 1.230 975 .951
.611 2. 4Ll .875 1.143 .888 .789
JTT7 3.108 .938 1.066 811 .658
.833 3.3%2 .956 1.046 .791 .626
1.000  4.000 .985 1.015 .T60 .578
2.66 .125 .500 27 3. 704 . 1646 3.539 12.52
.333 1.333 .63 1.587 1.422 2.022
.58k 2.336 .863 1.159 .99k .988
.666 2.664 .900 1.111 .946 .895
.916 3,664 975 1.026 .861 JThL
1.000 4.000 .985 1.015 .850 .723
1.333 5.333 997 1.003 .838 702
3,33 125 .500 27 3.T04 .0991 3.605 13.00
.333 1.333 .63 1.587 1.488 2.21k
.666 2,664 .900 1.111 1.012 1.024
1.250 5.000 .996 1.00k4 .905 .819
1.466  5.864 1.000 1.000 .901 .812
1.666 6.664 1.000 1.000 .901 812
1.750 7.000 1.000 1.000 .901 812
Note:
Column 4: C, is the value of b/a determined from Fig. 8.
Column 6: Values taken from column 6 of Table II.

b1
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TABLE IV

EXPERIMENTAL VALUES OF THE PRESSURE DROP

IN THE AIR CLEANER BAFFLE REGION

UNIVERSITY OF MICHIGAN —

Columns 5 and 6:

Columns 8 and 12:

All pressures in columns 5,

AP
K = » AP = p =-p
_é—_pvlz 1 4
O® 0 ® 0 0 O 00 ©® 0 C
Orif Q Without 0il With 0il
Dc/d h/d Comb (scfm) P, P, AP K P, D, AP K
1.33 .36 I 50 - .12 -.125 .,005 .384
70 - .19 - .22 .03  1.176
100 - .35 - k2 .07  1.34k
150 - .75 - .91 A6 1,365
II 150 - .96 -1,12 A6 1,365 - .91 -1.31 ko 3,413
200 -l.k2 -1.70 28 1.3kh <1.35 -1,80 .45 2,160
300 -3.04 -3.63 59  1.259 -2.86 -3.48 .62 1.%23
Loo -5.10 -6,18 1.08 1,296 -L4.,80 =6.00 1.20 1.4ko
Note:
Column 3%: I and II indicate two different orifice combinations

used to measure the air flow over the range of 50

to 400 cfm. A slight overlap error can be seen

above, but is not important in this problem.

P, and p, are, respectively, the gauge pressure meas-
ured at station a and the average of the pressures
measured at bl and b2.

For the

K

where

units of columns L4, 7, and 10, K is given by

468 a* (AP/Q?)

= 192 x 10° (aP/Q%)

d is in inches (d = 4.5 inches).

Lo

6, 7, 9, 10, and 11 are in inches of water.




TABLE V

THEORETICAL VALUES OF
COEFFICIENT OF PRESSURE LOSS IN AIR CLEANER
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1 2
O

© ® ® ® ®

THEORETICAL MINIMUM VALUES CL
FOR TEST APPARATUS AND AIR CLEANER

R A |
® ®

©) @)

D/d Al/A& 1 "@ @2
1.66 .5660 4340 .188
2.00 .3333 6667 Ll
2.22 .2546 LTh5h .556
2.66 1646 .8354 .698
3,33 .0991 .9009 812

b3

) ®
D/a h/d c/a C, 1/c, Ay /By G- r
L x@) Fig.8
1.66 125 .500 .270 3. 704 .566 3,138 9.847
.333 1.333 .630 1.587 1.021 1.04k2
.360 1.440 .663 1.510 9Lk .891
.500 2.000 .813 1.230 .66l Lkl
.916 3,66k 975 1.026 1460 212
1.000 4,000 .985 1.015 ko .202
1.250 5.000 .996 1.004 438 192
TABLE VI
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TABLE VII

EXPERIMENTAL VALUES OF THE PRESSURE AT VARIOUS POINTS
IN THE AIR CLEANER

Sta- Pressure (inches of water)
tion 0il Orifice Combination T Orifice Combination II
Q=50 70 100 150 150 200 300 400
a w/o 12 .19 .35 .75 .96 1.h2 3,04 5,10
bl 12 .22 42 .90 1.08 1.70 3.66 6.15
b2 A3 .22 2 .92 1.16 1.70 3.60 6.20
cl 15 .25 s .95 1.19 1.80 3.80 6.35
c2 160 .25 43 .96 1.19 1.75 3.77 6.%5
a1l 20 .32 .60 1.25 1.50 2.42 5.10 8.65
az A7 .27 47 1.01 l1.22 1.80 3.90 6.45
a with ’ 91 1.35 2.86 L4.80
bl 1.30 1.77 3.46 6.00
b2 1.32 1.82 3,50 6.00
cl 1.50 2.08 L.20 7.10
c2 1.49 2.07 L4.20 7.00
a1l 1.85 2.67 5.50 9.20
a2 1.50 2,12 L4.28 7.20
Note: All pressures are in inches of water of vacuum below the atmospheric

pressure at the inlet of the air cleaner. Flow rates (Q) are given
in scfm (£t3/min. of air at standard temperature and pressure).

Ll




EXPERIMENTAL VALUES OF THE PRESSURE DROP
IN VARIOUS REGIONS OF THE AIR CLEANER

TABLE VIII

— ENGINEERING RESEARCH INSTITUTE < UNIVERSITY OF MICHIGAN

Region

Points

0il

Pressure Drop (Inches of Water)

Q=50 70 100 150 150 200 300  Loo
Entry inlet to a w/o 120 .19 .35 .75 .96 1l.k2 3.0k 5.10
Baffle a to bl .00 .03 .07 .15 .12 .28 .62 1.05
a to b2 .01l .03 .07 .17 .20 .28 .56 1.10
average .00 .03 .07 .16 .16 .28 .59 1.07
Screen bl to cl .03% .03 .03 .05 .11 .10 .1k .20
b2 to c2 .03 .03 .01 .04 .03 .05 .17 .15
average . .03 .03 .02 .0k .07 .07 .15 .17
Discharge cl to dl .05 .07 .15 .30 .31 .62 .1.30 2.30
c2 to d2 .01 .02 .04 .05 .03 .05 413 .10
average 03 .0k .09 .17 .17 .33 .71 1.20
Entry inlet to a with 91 1.35 2.86 4.80
Baffle a to bl 39 k2 L60 1.20
a to b2 L1 b7 L6k 1,20
average Lo b 62 1.20
Screen bl to cl 20 31 .7k 1.10
b2 to c2 A7 .25 .70 1.00
average A8 .28 .72 1.05
Discharge cl to dl .35 .59 1.30 2.10
c2 to d2 0L .05 .08 .20
average A8 32 .69 1.16

L5
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Fig. 10. The observed character of the air flow through the
cup region of the axially symmetric oil-spray test apparatus.

Symbols:
Ap = P - Ps L = absolute viscosity of air
p = mass density of air
V.4
R = —
v V = velocity
o= B A = area
P
¢ = pressure
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Fig. 11.
(LOO cfm) air cleaner.

L DOWN TUBE

Diametral section of the axially symmetric Donaldson
Points at which the pressure was

measured are indicated by circled numbers.
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9
8
—Q__  Original Method ( Fig. 7)
7 : ——w— Alternate Method ( based
on measurement of jet
width ot lip of cup )
6
.
5
4 \
3 \
2 \\\\
\\
N
[ : \\~.\\
\\\
(0]
(0] .2 .4 .6 h/d .8 1.0

Fig. 14. Comparison of experimental values of Cp obtained
by independent methods for D/d = 2.22.
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\ , J j /-CHANNEL
U,
|
-t 20 —
FREE | |
ATMOSPHERE / \
/. N
] -
bU2<— 0 —-—>——> U2
- puplel—" —
JW/Z

Fig. 15. The theoretical character of the flow of an incompressible,
inviscid fluid in the case of the efflux from a two-dimensional
channel against an infinite plane barrier perpendicular to the
channel. U is the velocity for very large values of y and is as-
sumed uniform across the channel. U; is the velocity a short
distance above the channel outlet and is not uniform in general.
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52

Fig. 16. The theoretical flow of an incompressible , inviscid
(ideal) fluid in the case of the efflux from a two-dimensional
channel against a semi-infinite plane barrier at an arbitrary
angle. With o = 1{/2, this flow becomes identical with that
in the right- or left-hand half of Fig. 11.
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0.4

C.3

0.2

0.1

c/a

Fig. .1l7. Coefficient of contraction
for the problem of Fig. 16.
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Fig. 18.

The character of the actual flow of air through

the baffle region of the axially symmetric Donaldson
(410 efm) air cleaner.

Note:

Approximately, 4 = 4.5", h = 1.63", H = 2.5",
Dy = 11.188", Dy = 8.0", Do = 6", Dg = 6.5",

o = 68°.
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Discharge coefficients for the plate orifice.
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10
8
6
4
3
2
% —PRESENT DESIGN OF AIR CLEANER
\ BAFFLE REGION
R
I Q
VAR NN
8 ‘( \\\.\ ~—— O O lo WY, Y n——_sm— = .812
: ‘\"\\ O~g —— 2.86 | 698
6 \ '0\ 2.22
. \ —_— — = - .556
\ T~~~ 2.00 | 444
4 3
3 \\
2 \L\.o___._.__-———_ .66 | |88
N
0 4 .8 1.2 1.6 2.0 2.4
h/d

Fig. 21. Theoretical values of (1, for the baffle region
of the test apparatus and the air cleaner.

57




UNIVERSITY OF MICHIGAN

— ENGINEERING RESEARCH INSTITUTE

*I2UBSTO JIT® 9yl pue snjzeardde 3s21

ay3 Jo uoI8ax oTJJeq oy3 J0F 1) JO sanTeA wnmtur)y g2 *SITd
p/a
174 ¢ p Sl
0
Yo 20
y 0
Y-
7 v.\ 90
v
vo
NOI93¥ 3144v8E \\O
Y3INV3T0 IV 40 N9ISIA IN3ISI¥d-
o'l

58




- IsuUBSTO JII®B oY1 JO Suor8ax snotraea uTr sdoxp aanssaxd a3BISAY °¢Z ITd

(W40S) ©

oo 00 002 OOl O OOt 00g 002 OOl 0] OOt 00¢ 002 OOl ° ooF 00 00c OOl 0]

UNIVERSITY OF MICHIGAN

ENGINEERING RESEARCH INSTITUTE

o7 ] = _ —1°
NOIO3Y
394VHOSIO
\\J Lo |
rd NOI93Y i
/ N334OS NIVW NOIO3Y 3144vE / NOI93Y AY¥LIN3
P4
/
J/
¢
/
/
//
/
/ o
v
/
/
YINVITO NI 110 HLIM S3IMIVA IVINIAIYIAXT = — —— /
¥3INV3IIO NI 110 ON HLIM S3INIVA TVINIWIYIAXT ———— 4
\ S
9

dv

9

(43LYM 0 S3HONI) ¥d-'d




UNIVERSITY OF MICHIGAN

ENGINEERING RESEARCH INSTITUTE

*(xsuBaTO UT TTO U3TM) (2 °ON) 9PTs 231soddo ay3 pue
(T oN) opts 3aT3no ayj uo doxp aanssasxd sy3 £q pa3eOTPUT SB

ISUBSTO JT® 93 UT MOTJF JO UOTANQTIFSTP TBTJUSISJWNOIT) ‘Hg *ITd
(W40S) ©
0os 002 0Ocl oot 0os 00z OGl oot 00s 002 00l
B E—— 0
\\
_
\A
‘Il“-.llc
7 — 0 S0
NOI93Y NOI93Y / e
JOYVHOSIA N3I3YOS NIVIN \ NOI93y 37144v8
\\ V.
g o.—
\ ' I’4
\ Sl
02
2°ON 33dIS ‘SINIVA IVINIWIYIIXT — —m — —
] 'ON 3QIS ‘S3NIVA IVIN3WIY¥3dX3
sz

60




APPENDIX B

(This appendix is photographically reproduced
and figure and page numbers are not continuous
with those in this final report.)
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CHAPTER III

FLOW STREAMLINES IN AN ATR CLEANER;
EFFECTS OF GEOMETRY ON FLOW PATTERN

Introduction

Streamlines were photographed in a two-dimensional model of a Don-
aldson 410-cfm air cleaner placed in a water channel. The flow was made visi-
ble by means of powder on the free surface of the water. The geometry of the
model could be varied.

Streamlines were also photographed for the flow of air through the
three-dimensional cup-and-tube test apparatus consisting of a vertical down-
tube discharging into an upturned cup having a vertical side wall. 1In this
instance, the flow was observed by means of a smoke stream.

The effects of geometry on the flow pattern are most conveniently
studied by means of a free-surface flow of water through a two-dimensional
model. The validity of the results for qualitative conclusions is discussed
and may be seen by a comparison of Figs. 34 and 38, which have the same geom-
etry and represent, respectively, the flow of water through a two-dimensional
model and the flow of air through the three-dimensional test apparatus.

The Air Cleaner

It was decided to study first the flow through configurations simi-
lar to that of the Donaldson 410-cfm air cleaner. Figure 25 shows one half of
a diametral section in the plane containing the discharge opening of the
cleaner. For convenience in discussion, Fig. 25 divides the flow path into
sections designated as the entry, baffle, main screen, and discharge regions.
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Description of the Two-Dimensional Model

Figure 26 is a plan view of the type of model used in the water chan-
nel. The geometry could be varied, and Fig. 26 shows that of the Donaldson
cleaner. A maximum of two screens was used in the main screen section. In
actuality, this region is entirely filled with screen material (Fig. 25). How-
ever, the use of one or two screens at particular cross sections was successful
in suggesting the principal effects which the screens may have on the flow
through them. Due to the use of a water channel, it was necessary to divert
the discharge flow through an angle of 180°; therefore, the streamlines down-
stream from the outlet restriction are not representative of conditions in the
air cleaner.

The model was constructed of l/§2-inch-thick brass strips, the edges
of which are seen in Fig. 26. As can be seen by comparing Fig. 26 to Fig. 27
or 28, the brass strips appear to be much thicker than 1/32 inch in the photo-
graphs, due primarily to parallax and to the refraction of light by the menis-
cus on the water surface adjacent to the brass strips.

Since it is a two-dimensional representation of a three-dimensional
cleaner, the model cannot have true geometrical similarity. However, the lat-
ter condition was realized approximately by making the model to a scale of one-
third of the actual size of the cleaner as it appears in a diametrical cross
section. The lack of true geometric similarity results primarily in the flows
at large radii in the air cleaner having relatively lower velocities than those
at corresponding points of the model.

When geometrical similarity exists, the model should be tested at
water flow rates giving the same range of Reynolds' number as that of the air
flow rates encountered in operation of the full-scale air cleaner. Conse-
quently, a direct comparison of the Reynolds' numbers of the model and cleaner
has no significance in this case. However, the flow pattern in the baffle sec-
tion may be expected to vary only slightly with the Reynolds' number. In the
screen sections of both the model and cleaner, the velocities are smaller and
the flow path is not as definitely dictated by the boundaries. Here the Rey-
nolds' number is a factor and, furthermore, the screens themselves were not
reproduced to scale. In this region only limited conclusions may be drawn
from the photographs. Nevertheless, the pictures are useful in determining
the character of flow entering the screen section and the influence which a
change in baffle geometry would have on an existing screen flow.

The use of a free-surface water flow introduces surface tension as
a factor not present in the air cleaner. However, its effect may be assumed
negligible for present purposes.
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Flow in the Entry Region

The flow past the entry baffle and through the central down-tube of
the cleaner may be seen along the left hand edge of Fig. 34, In the upper part
of the tube, an elongated toroidal eddy near the wall restricts the axial flow.
Farther down, the velocity becomes fairly uniform all across the tube. Some
of the pressure drop due to the higher velocity of the stream in the eddy sec-
tion will be regained in the region of uniform flow. However, the net result
should be an appreciable loss, due to the diffusion in the expanding flow from
the eddy to the point where the velocity becomes uniform across the tube.

This restriction of the flow can be greatly reduced by the addition
of a deflector vane to divert a portion of the flow through the region now oc-
cupied by the eddy. Preferably, the vane should be designed as a part of a
general redesign of the entry region and the hemispherical entry baffle. But
if other considerations make it undesirable to change the latter, a vane can
be designed as an addition to the present cleaner. This point is discussed
more fully in Chapter II.

The General Character of the Flow Through the Baffle and Screen Regions

The photographs of flow through the model, Figs. 27 through 36, will
be surveyed briefly before turning attention to details of the baffle and
screen regions.

1. Absence of baffle (main stream located near inner wall of main screen
section—Figures 27 and 28).

In the absence of a baffle, the flow adheres to the outer boun-
daries in the baffle region. It must ultimately deflect inwardly (to
the left) in order to leave the screen region. The outer clamping
bracket of the first screen determines the location of this deflection
(Fig. 27). The stream in the screen region is narrow. The addition
of the first screen (Fig. 28) has little effect on the stream, but
does introduce an intense and stable eddy below the screen and adja-
cent to the down-tube.

2. Slanted baffle (main stream located near outer wall of the main screen
section—Figs. 29, 30, 31, and 32).
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With a slanted baffle (Fig. 29), the stream follows the outer
boundaries of both the baffle and screen sections. The addition of
the first screen (Fig. 30) does not alter the path of the flow in
the screen region, although the stream is wider and of more uniform
velocity over its cross section. .The flow is quite uniformly dis-
tributed across the first screen.

When the first screen becomes plugged near its inner edge (Fig.
31), the stream in the screen region remains wide and uniform. If
the screen is plugged near its outer edge (Fig. 32), the stream nar-
nows and flows through the center of the screen section with an eddy
region on either side.

3. Slanted baffle (main stream located near inner wall of screen sec-
tion—Fig. 33).

While the foregoing indicates the outward influence of the
slanted baffle on the flow in the screen section, plugging downstream
from the first screen may override the action of the baffle. A sec-
ond screen (Fig. 33) plugged near its outer edge can permanently de-
flect the stream inwardly even though the slanted baffle is used.

L. Vertical and horizontal baffles (main stream located near inner wall
of main screen section—Figs. 34, 35, and 36).

When the baffle is vertical (Fig. 34), the stream is narrow and
hugs the outer periphery of the baffle section and the inner periphery
of the screen region. The addition of the screen (Fig. 35) does not
broaden the stream, which approaches the screen at right angles and
remains narrow in the screen region. A comparison of Figs. 28 and 35
indicates that the insertion of a solid boundary (vertical baffle) at
the edge of the stream has no effect on the flow path.

A horizontal baffle (Fig. 36) serves to broaden the flow in the
screen section, the stream remaining adjacent to the inner boundary.

Control of Flow Pattern in the Baffle and Screen Sections

It is clear that within wide limits the flow in the baffle and screen
regions can be made to assume a prescribed pattern. The control can be ac-
complished by proper design of the baffle region and of the orientation of the
first screen, and will be effective as long as the screen region remains un-
plugged in areas traversed by the main stream. Some specific examples follow.
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LOCATION OF MAIN STREAM IN SCREEN REGION

Figures 30 and 36 show fairly wide and uniform streams in the screen
region near the outer and inner boundaries, respectively. A different design
of the baffle and position of the first screen should permit the flow to ap-
proach, to the extent desired, a uniform distribution across the entire screen
section. Presumably, the most desirable flow pattern in the screen section
is partially determined by any return oil flow which is intended to occur. It
is clear that the eddy region bounding the main stream may be located at either
the inner or the outer boundary as desired. New designs can be worked out
through the use of the channel.

FLOW ALONG THE BAFFLE

Figures 29 through 36 indicate that a curved baffle would direct a
more effective jet at the first screen. Such a baffle may also reduce the
pressure loss in this region and, if desirable, assist in maintaining the eddy
under the outer part of the first screen.

OUTER EDDY IN THE BAFFLE REGION

Figures 30, 31, 32, and 33 have the baffle configuration of the
Donaldson cleaner. The outer (right hand) portion of the .space immediately
below the first screen is occupied by an eddy rotating clockwise. In Fig. 32
where the outer part of the first screen was plugged, this eddy was very stable
over a range of flow rates and entirely filled the outer portion of the space
below the screen. Under the conditions of Figs. 30, 31, and 33, the eddy was
erratic and at some flow rates did not extend down to the partition immediately
below it. At such times, the fluid just above this partition was either os-
cillating or rotating slowly in a counter-clockwise sense.

PLUGGING OF THE SCREENS

Unavoidable loading of portions of the screens during operation may
cause the flow in the main screen region to deviate significantly from any de-
sired pattern achieved at the outset. If this condition unduly curtails the
vreriod of effective operation of the cleaner, the cleaner should be redesigned
so that unavoidable loading is more uniformly distributed throughout the screen
region. A need for more uniform flow in the screen of the discharge region is
shown in Chapter ITI. Some remedies are suggested there.
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Air Flow Streamlines in the Cup-and-Tube Test Apparatus

The air flow in this apparatus was. studied by introducing smoke at
the bottom of the upturned cup. Specifically, smoke was inserted at a point
where the air had left the down-tube and was flowing radially outward parallel
to the bottom of the cup. The apparatus and the alr flow were symmetrical
about the vertical axis of the down-tube. The flow boundaries formed by the
down-tube and cup are indistinct in the photographs obtained. Consequently,

a drawing (Fig. 37) is included which shows the portion of the apparatus in
which the flow was photographed.

Figure 38 is a photograph of the flow through the cup and upward
along the outer surface of the down-tube. The outlet of the smoke supply tube
can be seen at the bottom of the cup. The approximately elliptical region
just above the smoke tube outlet was the location of a stable eddy which ap-
pears as a dark region since it contained very little smoke. At greater air
flows this eddy became elongated and extended higher up the outer surface of
the down-tube. As in the analogous two-dimensional case (Fig. 34), Fig. 38
clearly shows that, after passing the stationary eddy, the jet is diverted
radially inward and fldws along the surface of the down-tube. Higher up the
tube, the air stream broadens gradually.

The dark region above the cup and to the left of the main stream is
the location of a large, slowly rotating eddy similar to those already seen in
the two-dimensional cases. Figures 39 and 40 show the beginning of a small
eddy of a type generated at intervals on the boundary between the jet and the
large boundary eddy. Such eddies were then drawn upward by the stream, as in-
dicated by Fig. 38, where an eddy can be seen at the top of the photograph.
This unsteady condition at the edge of the stream was predominant at lower
flows under which circumstances fluctuations in the total flow rate were ob-
served. A similar behavior was noted occasionally in the water channel. In
the air cleaner, it is expected that the distributed screens will suppress
this effect.

Flow Around the Lower End of the Down-Tube

The stationary eddy observed above the smoke tube outlet (Fig. 38)
was decidedly present in the corresponding part of the two-dimensional model
where it appeared just below the inner (left hand) end of the first screen.
However, it is not clearly shown in the photographs (Figs. 29 through 36) be-
cause in some instances (Fig. 5&, especially) the film exposure was too short
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for this purpose, and in other cases the meniscus and parallax caused an ap-
parent broadening of the nearby boundary and obscured part of the eddy.

By placing a rounded obstruction on the inner surface of the down-
tube just above its lower end, the stationary eddy was nearly eliminated in
the two-dimensional model. This obstruction is indicated by & dotted line in
Fig. 26. The elimination of this eddy should assist in obtaining a wide uni-
form streanm in the screen region and may reduce the pressure loss somewhat .
Such a change produces a more uniform flow in the baffle region, but reduces
the velocity of the fluid leaving the cup, especlally at the upper end of the
slanted baffle.

Pressure Loss in the Air Cleaner

Suggestions have been made in foregoing sections for reducing the
pressure loss in the air cleaner, particularly at the upper and lower ends of
the down-tube. However, such reductions may be negligible compatred to the |
necessary loss in the screen or other regions. In order to investigate this
phase of the problem, measurements were made of the pressure loss in each of
the regions of the cleaner. This work is described in Chapter II and, together
with the results of the present chapter, leads to several conclusions regard-
ing air-cleaner design.

Summary and Conclusions

While some important conclusions have been reached, it may be desir-
able to obtain additional flow pictures. The present method for photographing
the flow was worked out only recently, and the experience gained has suggested
improvements in the technique which should result in more readily interpreted
photographs. '

The flow pictures indicate that the air flow in the cleaner can be
studied in the water channel and can be controlled through the design geometry.
It appears that the flow in the screen region is nonuniform and that a curved
baffle and an obstruction of the bottom of the down-tube may improve this con-
dition. A vane below the entry baffle should reduce the pressure drop con-
siderably. A full appraisal of these changes requires measurements of the
pressure drop in the various regions of the air cleaner. Such data are ana-
lyzed in the earlier chapter on pressure drop and pressure loss in the air
cleaner.
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Interim Technical Report No. 6

THE COLLECTION COF SALT DUST ON DRY WIRES

Seymour Calvert

The earlier work on dust collection efficiency of fibrous packing
showed that the collection efficiency of a single fiber was not sufficient to
define the efficiency of a group of fibers. A key factor is the amount of
mixing, or redistribution of dust in the airstream, occurring after the air
passes a fiber and moves toward the fibers downstream from it. This is dis-
cussed and some experimental data compared to predictions based on the ex-
tremes of no mixing and of complete mixing after each wire. Additional informa-
tion was desired, however, and an experimental study was initiated.

A controlled grouping of wires was devised to give well-defined ar-
rangemernts, varying wire spacing (in both directions), wire diameter, air
velocity, and particle size. Spray-dried salt was chosen as the test dust,
and the amount collected wag determined by washing the salt off the collector
wires. It was hoped that the common assumption would hold; i.e., that any
particle striking a wire would stick to it. Presumably this would mean that
dry wires would behave the same as wetted wires.

This proved to be wrong. After several runs it became apparent that
collection efficiency was much lower than predicted. A long period of check-
ing and wechecking all aspects of the experiment disclosed no experimental
error. The data appear to be quite valid and a significant fact was established
although the original purpose of the experiment could not be fulfilled during
the limited experimental time.

Experiments on the collection of 0- to 5-micron salt dust on 0.003-
inch-diameter parallel wires and 0.0ll-inch-diameter wire screen (14 mesh)
indicate that collection efficiency is about one-half of that predicted. The
effects of charngingwire spacing in the direction of the air flow are discern-
ible but minor.

EXPERIMENTAL METHOD

The experimental apparatus consisted of the following components
which are illustrated in Fig. 1.
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Sampler
;;/’

f Removable Sleeve .
Collection Grids
Spray Drier Air Drier

S

Test Section

Meter

H{

Meter Meter

Fig. 1. Test equipment.

1. The test section was made of 2-inch (ID) lucite tubing. It was built
so that a number of brass rings, which supported the wires, could be stacked
on top of a tube and another length of tubing placed on top of the stack. The
assembly was held in place by a lucite sleeve and the result was a continuous
duct of 2-inch internal diameter. The test grids were 27-5/& inches above the
salt-dust entrance. The removable sleeve permitted removal of the stack of
test grids after a run so that the salt could be washed off in a beaker of

water.

2. The test grids were brass rings to which 0.003-inch-diameter Alumel
wire was glued in parallel lines 1/8 inch apart (center to center). The rings
were 2 inches (ID) x 2-1/k inches (OD) x 1/32 inch thick. In some runs blank
rings were used as spacers. Some tests were also performed using circular
pieces of lh-mesh copper wire screen (0.0ll-inch wire diameter) rather than the
parallel grids.

3. The exit-air sampler was an isokinetic type, employing MSA 1106B glass-
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“iper paper as the filtering medium. The ratic of total air rate to sampler
air rate was 28.4, Isokinetic conditions were maintained by matching the
sampler air rate to the mainstream air rate by a throttle valve and rotameter
leading to an aspirator.

i, The salt-dust generation system involved an aspirating atomizer in-
stalled in a chamber containing a large volume of saturated salt (NaCl) solu-
tion. The spray was directed at one wall of the chamber so that large drops
struck the wall and ran back down. The smaller drops were carried into the
spray-drying chamber by the atomizing air. In the spray-drying chamber the
drops were mixed with air which had been dried in a degiccant-packed tube.
The dried salt particles were then transported through a l/2-inch (ID) plastic
tube to the test-section entrance. The entrance consisted of a "Y" tube con-
nected to two l/E-inch tubes entering the test section from opposite sides.
Thus the salt-dust stream split into two portions which entered the test sec-
tion through two diametrically opposed tubes.

5. The main air stream was supplied by an air-jet e jector pump and
metered with a calibrated rotameter.

PROCEDURE

Coliection efficiency was determined in this apparatus for groups
of 12 ard 24 parallel wire grids and for groups of 10 and 20 screen discs
with several variations in spacing between grids. The amount of salt dust
collected on the wires was determined by washing the wires in a known volume
of distilled water and then analyzing for salt content by an electrical con-
ductivity measurement. The concentration of salt dust in the air leaving the
test section was determined by similar analysis of the salt retained on the
filter paper in the isokinetic sampler. From these measurements one can com-
pute the total dust load in the alr approaching the collection wires and alsc
the percent collected.

The isokinetic sampler was checked against an absolute filter and
the agreement was considered adequate although not perfect. The major diffi-
culty in making this comparison was that the rate of salt-dust generation was
not uniform but varied from about 0.0045 gm/min to 0.0075 gm/min. The agree-
ment betweern the sampler and the absclute filter was about + 10%. Measure-
ments of dust distribution around the test section were made, but since these
could not be made simultaneously the results, which show as much as twofold
varisticn, are not conclusive.

Dust-particle size was determined by a visual count of a sample
collected on a microscope slide. The sample was collected by introducing the
airstream from the dust-generator outlet tube into the top of a l-foot-high,
Z-inch-diameter tube which was set vertically over the slide and allowing the
dust to settle on the slide. Several checks indicated consistency in this
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method and there does not seem to be any sampling bilas. The size distribution
was quite constant and is shown on a logarithmic probability plot in Fig. 2.

10 T T T T 1T T T T T 1T 71T T T T T 77T ]
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(o)
I

92 S O O B

S 12 5 10 20 30 40 50 60 70 80 90 95 98 99 999 99.99
PERCENT UNDERSIZE (WEIGHT OR NUMBER)

Fig. 2. Salt-dust size distribution.

Weight distribution was computed from number distribution by means of the
formula

Xy = InXg+ 5(£n_0g)2 )
where
Xg = geometric mean diameter by number,
Xé = vgeometric mean diameter by weight, and
og = standard deviation.
RESULTS

The experimental collection-efficiency data are shown in Figs. 3
and h, which are plots of collection efficiency vs alr velocity for the par-
allel wire grids and the wire screen, respectively. Also plotted on these
figures are the dashed lines representing predicted collection efficiency,
using the Langmuir and Blodgett data and assuming eilther complete mixing of
the airstream or no mixing, as indicated on the plots. This prediction
involves the use of collection efficiencies for single wires which are pre-
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sented in Fig. 5, a plot of collection efficiency versus air rate with particle
diameter as the parameter.
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Fig. 5. Collection efficiency vs air velocity with particle
diameter as parameter (NaCl on 0.003-in.-dia wire and 0.0ll-
in.-dia wire).

DISCUSSION OF RESULTS

The most significant observation is that the predictions are close
at low velocity but depart appreciably from the experimental data as velocity
increases. The effect of increasing bed depth is in general agreement with
the theory, although it is not possible to determine the amount of mixing
from these data. There is a definite effect of axial spacing; but, since it
is in opposite directions for the parallel wires and for the screens, any
discussion of the mechanism involved would be purely speculative at this point.

The data obtained are not sufficient to establish any correlation,
but they definitely indicate that collection efficlency is lower than pre-
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dicted on the basis of the impaction mechanism. The obvious explanation is
that some of the particles bounce off the collecting wires. An attempt was
made to obtain some information on this by taking high-speed motion pictures
and high-speed flash pictures of a dust-laden jet striking a wire. Unfortu-
nately, there was not sufficient resolution in these pictures to show the
particle trajectories.

A few exploratory runs were made using wires coated with Canada
balsem to see whether this would raise collection efficiency, but it did not.
The use of oil fog was also explored but the analytical difficulties made this
brief study inconclusive, except for one point: that collection efficiencies
for round Jets striking flat plates were lower than predicted. Stated another
way, this meant that the particle size passing through the impaction zone was
larger than predicted.

The conclusion is that particulate collection efficiency is by no
means completely described by the theoretically derived impaction efficiencies.
The fact that predictions agree well with data for wetted wires can be con-
sidered fortuitous and may result from a different mechanism than has been
assumed.
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