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Loss by deposition of aerosol particles in an air sampling pipe causes error in the esti-

mation of aerosol concentration in the atmosphere.

For a horizontal pipe, the deposition fraction for laminar flow can be estimated by equations 

of deposition governed by gravity settling and diffusion. For turbulent flow, there are two 

methods available-one using the equation by Yoshioka et al. to express deposition velocity, 

the other being the "extrapolation method" proposed by the present authors.

The present paper examines the validity of the two methods, with particular reference 

to the contribution of gravity settling to the deposition, and the effect of roughness of the 

pipe wall on the deposition from turbulent flow.
The deposition fraction in a horizontal straight metal pipe can be estimated with deviation 

from experimental values not exceeding a factor of 2, throughout the whole region covered 

by the study, extending over both laminar and turbulent ranges. Use of a suitable friction 

factor to account for the roughness of the pipe wall gives a reasonable value of deposition 

fraction in the turbulent region. The deposition from turbulent flow is mainly governed by 

gravity settling when the Reynolds number is not very large (Re ?? 104).
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I. INTRODUCTION

 The concentrations of an aerosol in room 

and exhaust systems are evaluated by taking air 

samples through a sampling pipe. A problem 

arises, in that the aerosol particles deposit in the 

pipe, in amounts depending on the diameter and 

length of the pipe, flow velocity, and the diameter 

and density of the particle, and this causes large 

errors in the estimation of the concentration. 

It is thus desirable to minimize the deposition in 

sampling. 

 In the case of a horizontal straignt metal pipe 

with no difference in temperature between the 

aerosol and pipe, the deposition of the aerosol 

from laminar flow can usually be estimated from 

equations for deposition governed by gravity 

 settling(1)(2) and diffusion(3)(4).

 When the flow is turbulent, the deposition in

a vertical pipe can be estimated approximately 

with equations for deposition velocity in relation 

to turbulent diffusion, as given by Friedlander 

et al.(5), Davies(6) and Beal(7). Corresponding 

expressions for horizontal pipe have been pre-

sented by Yoshioka et al.(9) and by the present 

authors(10), but their validity has not yet been 

confirmed experimentally. 

 This experimental substantiation is the purpose 

of the present work, which aims more specifically 

at clarifying the contribution to the deposition 

brought by gravity settling and pipe-wall rough-

ness, with turbulent flow.

* This work was performed under contract between 
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 search Institute. 
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 II. EQUATIONS OF DEPOSITION 

  FRACTION, AND CALCULATION

 1. Equations  

( 1) Laminar Flow Region 

 The deposition fraction for laminar flow is 

approximately estimated with the combined equa-

tions for deposition due to gravity settling and 

to diffusion. The particle size of the aerosol used 

in the present experiment is much larger than 

0.1, which permits us to ignore the deposition 

fraction due to diffusion(10). 

 The equations for the fraction of deposition 

due to gravity settling were obtained independ-

ently by Natanson(1) and by Thomas(2). The 

expressions given by the two authors can both 

be represented by the same equation

of Eq. ( 1 )—extrapolated into the turbulent region 

—onto Eq . ( 2 )—with the deposition velocity ob-

tained only for turbulent diffusion(10). We call 

this the "extrapolation method". For expressing 

the deposition velocity we adopt Beal's equation. 

The equations for the deposition velocity given 

by Yoshioka et al. and by Beal are as follows. 

 (1) Equation by Yoshioka et al.(9) : If the 

  dimensionless stopping distance of a particle 

  is S+, the deposition velocity is given ac-

  cording to the range of S+.

 ( 1 )

 

( 3 )

 where 

a =-(3ZL/4DcU)1/3, b=r1-a2

Z=grPdP2(1+2A2l/dr)/18e

A=A0+Bexp(-CdP/2l) 

A0=1.25, B=0.44, C=-1.10 

L: Length of pipe 

Dc: Diameter of pipe  

: Average velocity of flow Z

: Settling velocity of particle rP

: Density of particle dP

: Diameter of particle g

: Gravity acceleration e

: Viscosity of gas l

: Mean free path of gas molecules. 

(2) Turbulent Flow Region 

 If the deposition velocity of particles onto the 

pipe wall is K, the deposition fraction in the 

turbulent flow region is given as(8)

 ( 2 )

The deposition velocity for turbulent diffusion 

in the case of a vertical pipe has been given by 

Friedlander et al.(5), Davies(6) and Beal(7), and 

the deposition velocity for turbulent diffusion 

with taking account of gravity effect in a hori-

zontal pipe was later presented by Yoshioka et 

 al.(9) The deposition fraction in a horizontal 

pipe can be estimated for turbulent flow by 
Eq. (2) using the equation of Yoshioka et al. 

The deposition fraction for such flow may also 

be evaluated approximately by the superposition

 

( 4 )

 

( 5 )

 

( 6 )

In Eq. ( 3 ), K(t) is the velocity of deposition 

within the angle t inside the pipe, t being the 

angle of obliquity from vertical presented by the 

radius delimiting the arc on which lies the 

deposition being calculated. In all the above 

equation, S+=SU*/U, S being the stopping dis-

tance of a particle and U*=Urf/2(f: Fanning's 

friction factor for the pipe), Ut=terminal settling 

velocity of a particle, U+=P*/U,R+=RU*/n, 

n being the kinematic viscosity of the gas and 

R=Dc/2. 

 (2) Equation by Beal(7):
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 (7)

ment are the deposition fraction vs. the particle 

diameter (dP) and vs. the flow velocity (U) ; the 

variation in deposition fraction due to friction 

were calculated at 1 atm and 25dc, under the 

condition that the particle density (rp), diameter 

(Dc) and length (L) of the pipe were constant. 

All the computations were performed on a 

FACOM 230-60 computer. 

 ( 1 ) Deposition Fraction vs. Flow Velocity 

    and Reynolds Number 

 Figure 1 shows the calculated deposition 

fraction as function of flow velocity and Rey-

nolds number (Re=DcU/n) in the case of rP 1 

g/cm3, dP=2, 4 and 8mm, L=300 cm and Dc= 
2.5cm. In the turbulent region, use was made 

of Nikuradse's equation of friction factor(11) for a 

smooth pipe

(11)

 ( 8 )

 ( 9 )

Here, h+=2R+, D is the diffusion coefficient of 

particles, while the other symbols have the same 

meanings as in the equations by Yoshioka et al. 

The deposition fraction (Fex) in extrapolation is 

thus estimated, using Eqs. (1), (2), (7)~(9):

 Fex=Fg+Ft-FgFt (10)

 2. Calculation of Deposition Fraction 

 The relation between the deposition fraction 

and various factors has been reported(9)(10). The 

realtions newly calculated for the present experi-

Fig. 1 Deposition fraction calculated for smooth 

    pipe vs. flow velocity and Reynolds number

In the turbulent region of Fig. 1, the solid line 

represents the calculation by Yoshioka et al.'s 

 equation, and the broken line that by the present 

extrapolation method. It is seen that the depo-

sition reaches a minimum value in the turbulent 

region, and that the minimum point shifts toward 

the large Reynolds number as the particle di-

ameter decreases. The curves from Yoshioka el 

al. drop lower than those from extrapolation at
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the minimum points, but otherwise the two results 

agree well with each other. 

 On the left-hand side of the clip, the curves 

run quite close to each other when the particle 

size is smaller than about 4mm, while on the 

right-hand side, the agreement is good for Rey-

nolds number above 2x104. These results indicate 

that in the lower range of Reynolds number the 

main mechanism of particle is gravity settling, 

while it is turbulent diffusion in the higher range. 

 ( 2 ) Dependence on Friction Factor Shown by 

    Deposition Fraction in Turbulent Region 

 In the case of a pipe with rough wall, the 

friction factor can no longer be expressed by 

Eq. (11). Instead, the following equation has been 

given by Mises(11).

 (12)

where S is the constant representing the roughness 

of the pipe wall. For the drawn pipe which 

was used in the present experiment, d=(20~50) 

x10-6. Figure 2 shows the deposition fraction 

vs. the flow velocity calculated from Eq. ( 2 ) 

using Yoshioka et al.'s equation with f from 

Eq. (12), for the conditions of dP =4mm, rP= 

1g/cm3, L -=300 cm and Dc=2.5 cm. In the re-

gion where turbulent diffusion dominates (the 
right-hand side of the dip), the deposition fraction 

is larger in a rough pipe than in smooth.

Fig. 2 Dependence of deposition fraction 

    on friction factor-Turbulent flow

In the laminar region, the deposition fraction

has been calculated with Eq. ( 1 ) only, regardless 

of the roughness, since, in this region, no studies 

are known that have reported on variation of 

the deposition fraction with wall roughness.

 III. EXPERIMENTAL METHOD

 A schematic diagram of the experimental 

apparatus is shown in Fig. 3. The aerosol used 

was composed of uranine methylene-blue particles 

produced with a spinning disc aerosol generator 

with an electro-static neutralizer. The geometric 

mean diameter of the aerosol was from 0.92 to 

4.2mmn with a geometric standard deviation of 

 1.1. The particles were in most part single, the 

number of aggregates never being found to 

exceed 10 %.

Fig. 3 Schematic diagram of 

    experimental apparatus

 The aerosol thus generated was led into the 

receiver marked "chamber", in Fig. 3, of a 

volume of about 0.2m3. A portion of the fluid 

then passed into the test pipe, through the regu-

lating pipe which served to stabilize the stream. 

It was of stainless steel and of a length that 

could be varied from 50 to 250 cm. The test 

pipe, also of stainless steel, was made up of short 

sections (2.5 cm I.D.x 50 cmL) joined end to end to a 

length of 300~550 cm. To observe the amount of 

deposition due to gravity settling from the turbulent 

flow, four circular holes of about 2.6 cm2 area 

were made on the pipe wall, two each on the 

upper and lower sides, and removable pieces 

for sampling the deposited aerosol were inserted 

therein. (Fig. 4 and Photo. 1) 

 All the aerosol passing through the pipe was 

collected on a glass fibre filter (Toyo GB-200). 

The ball valve set between the test pipe and the 

filter holder is of the same diameter as that of 

the test pipe, to prevent aerosol deposition in this 

valve. The equipment from the regulating pipe
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Fig. 4 Cross-sectional view of removable 

    attachment for measuring gravity 

   effect in turbulent flow

calculated curves for the particle diameters dp= 

1.8 and 3.7 ,um, pipe diameter Dc=2.5 cm, regu-

lating pipe length Li =250cm and test pipe length 

 L2=300 cm. In the calculation, Sehmel's value 

of 1.4 g/c3(12) was taken for the density of the 

uranine methylene-blue particles. As seen in 

Fig. 5, the trend of variation of deposition fraction 

with the flow velocity is similar to that predicted 

by calculation. In the laminar region, the calcu-

lated values are 1.5~2times higher than those 

determined from the present experiment.

Photo. 1 Test pipe elements with and 

     without removable attachments

to the filter holder was mounted on metallic 

stands. 

 The flow rate was measured with a float-type 

flow meter. The experiment was performed with 

flow rate ranging from 3 to 520 //min. 

 The amount of aerosol deposited in the pipe 

and the filter was determined from measurements 

by fluorescence photometer of the concentration 

of uranine methylene-blue washed out with puri-

fied water. 

 The deposition fraction on the test pipe was 

obtained as the percentage of deposition in the 

test pipe in reference to the total deposition in 

the system* (i.e. the test pipe plus filter).

IV. RESULTS AND DISCUSSION

 1. Deposition Fraction vs. Flow 

  Velocity and Reynolds Number 

 The experimental results obtained on the depo-

sition fraction vs. the flow velocity and Reynolds 

number are shown in Fig. 5, together with the

 Fig. 5 Experimental and calculated 

    deposition fractions vs. flow 

   velocity and Reynolds number

 At the transition (Re ?? 2,000) from laminar to 

turbulent region is seen a sudden change in the 

deposition fraction. This could be attributed to 

the application at this juncture simultaneously

* To take account of the deposition in the regulating 

 pipe set upstream of the test pipe, the true depo-
 sition fraction of the aerosol in the test pipe should 

 be determined as follows. 

  If the lengths of the regulating and the test 

 pipes are Li and L2, and the deposition fractions 
 in the lengths Ll+ L2 are F(Li), F(Lz) and F(Li 

 +L2), respectively, the fraction corresponding to 

 L2 is expressed by

(Al)
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of both gravity and turbulent diffusion on the 

particles suspended in the flow. In the turbulent 

region, the deposition fraction decreases a little 

and then rises sharply, with increasing Reynolds 

number. 

 The calculated values in the vicinity of mini-

mum deposition are not in very good agreement 

with experiment for any friction factor, but in 

the other regions, the values calculated with 

Mises' friction factor come quite close. The 

disagreement seen near the bottom of the dip 

may be attributed to the adoption of the turbulent-

diffusion coefficient for gas to what are in actu-

ality suspended particles, and also to insufficiency 

of the model assumed to represent the mechanism 

of deposition from turbulent flow. However, even 

in the case of a rather rough pipe, the deposition 

fraction in the turbulent region can still be esti-

mated by either of the two methods of calculation 

(Yoshioka et al. and extrapolation), if an appropriate 

friction factor corresponding to the roughness of 

the pipe wall is used. Near the bottom of the 

V-shaped curve, values somewhat closer to experi-

ment are obtained with the extrapolation method 

than with that of Yoshioka et al. The equation 

of Yoshioka et al., however, will be used in the 

ensuing discussion, since it is more logical.

 When the particle size is changed, the curves 

become as shown in Fig. 6, where the other 

conditions are the same as in Fig. 5. As predicted 

by calculation in the preceding chapter, decrease 

in particle size shifts the minimum point of 

deposition fraction toward the larger Reynolds 

number. Data obtained with other values of 

regulating and test pipe length do not differ 

significantly in trend of agreement with calcu-

lation. 

 It is seen, as described previously, that the 

deposition fraction can be estimated within a 

factor of 2 in both laminar and turbulent regions, 

that is, over the whole range of flow velocity 

and Reynolds number covered by the present 

study. 

 2. Effect of Gravity on Deposition 

   from Turbulent Flow 

  In the preceding chapter, it was inferred from 

a comparison between calculations using the two 

methods (Yoshioka et al. and extrapolation) that 

in the region of low Reynolds number the 

deposition mainly occurs by gravity settling. 

This was confirmed from measurements of the 

aerosol deposition on the upper and lower sides 

of the pipe, as shown in Fig. 2 and Photo. 1. 

The results for a particle size of dP=3.7mm are 

plotted in Fig. 7. In the figure, the solid plots 
indicate the percentage of deposition on the lower 

half of the pipe section, in reference to the total 

deposition covering both upper and lower halves,

Fig. 6 Experimental and calculated deposition 

   fractions of particles with different 

    diameters vs. flow velocity and Reyn-

   olds number

Fig. 7 Experimental and calculated deposition 

    fractions of aerosol particles on the 

   upper and lower halves of pipe
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while the open circles are the corresponding plots 

for the upper half. 

 The solid lines show calculated values. The 

calculation was made as follows. If the mass of 

aerosol particles entering the pipe is M0, the 

quantity deposited between t1 and t2 on the pipe 

wall of elementary length DL at distance L from 

the entrance is given by

(13)

The range adopted for t in Eq. (13) was t2-t1 

 =2p/3 for both upper and lower halves , in 

conformity with the actual measurement. The 

deposition fractions for the upper and the lower 

halves are calculated using Eq. (13). 

 As seen in Fig. 7, while the calculated values 

do not agree quantitatively with the experimental 

plots, the tendencies are similar. In the range 

Re ?? 104, the aerosol deposits mostly on the lower 

half. This indicates that gravity mainly governs 

the deposition in this range of low Reynolds 

number. When Re ?? 2x104, on the other hand, 

the deposition fraction on the upper and lower 

halves of pipe section are nearly equal. This 

indicates that, in this case, it is turbulent diffusion 

that dominates the deposition mechanism. 

 To illustrate the part played by gravity in 

the deposition of particles of different sizes, the 

calculated values are presented in Fig. 7 also for 

particle sizes of 0.3 and 10mm. With decreasing 

particle size, the effect of turbulent diffusion 

diminishes, resulting in predominance of the 

influence of gravity on the deposition, up to a 

highly turbulent region. This is consistent with 

the shift of minimum deposition fraction toward 

larger Reynolds number with decreasing particle 

size, as seen in Figs. 1 and 6. 

 3. Deposition Velocity of Particles 

   from Turbulent Flow 

 The deposition velocity of aerosol particles 

from turbulent flow is obtained as the average 

over all the directions on the wall surface. Due 

to the gravity effect, the value thus determined 

differs from that obtained by other workers 

considering turbulent diffusion alone(5)~(7). The 

deposition velocity determined from experiment 

is given by the expression

(14)

derived from Eq. ( 2 ). The theoretical value, on 

the other hand, expressed by

 (15)

based on Eqs. ( 3) and ( 4 ). 

 Figure 8 presents the experimental and the 

theoretical deposition velocities determined with 

Eqs. (14) and (15), for particle sizes dP=2.3 and 

 3.7mm. In the range Re ?? 104 where gravity 

settling dominates, the deposition velocity hardly 

increased with the flow velocity, but in the range 

Re ?? 104 where turbulent diffusion is dominant, 

it increases rapidly. In the latter region the 

theoretical deposition velocity calculated by Eq. 

(15) agrees well also with the value calculated 
with Beal's equations (7)~(9). The range in 

which the calculated velocity deviates largely 

from that determined from experiment corresponds 

to the region where the the agreement in deposi-

tion fraction is poor.

Fig. 8 Deposition velocity of particles in turbulent 

   region in horizontal straight metal pipe

 V. SUMMARY

 The results obtained from the present work 

can be summarized as follows, in respect of the 

deposition fractions of aerosol in a straight hori-

zontal metal pipe. 

 (1) For laminar flow the deposition fraction 

  estimated with the equation of deposition 

  based on gravity settling gives values larger
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 than those obtained from experiment, but 

 the deviation is within a factor of 2. 

(2) For turbulent flow if the Reynolds number 

 is not very large (e.g. Re ?? 104 for the particle 

 sizes below a few microns), the deposition is 

 governed mainly by gravity settling. There-
 fore, the deposition fraction in this range can 

 be roughly estimated equally well either by 

 the equation given by Yoshioka et al. or by 

 the extrapolation method. In the region of 

 large Reynolds number (Re ?? 2x104), if a 

 suitable friction factor representing the rough-

 ness of the pipe-such as that given by Mises' 

 equation-is used, the depostion fraction can 

 be reasonably estimated by either of the two 

 methods. Thus, in the whole range covered 

 -including both laminar and turbulent flow, 

 the deposition fractions can be estimated 

 within an error not exceeding a factor of 2. 

(3) In the case of relatively slow turbulent 

 flow, such that the deposition is mainly 

 governed by gravity settling, the average 

 deposition velocity of aerosol particles hardly 

 changes with flow velocity or Reynolds 

 number. 

(4) For aerosol particles of sizes up to a few 

 microns, it was confirmed from the experi-

 ment that there exists within the turbulent 

 range a flow velocity around which the

deposition drops to a minimum,
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