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ABSTRACT

This report presents a design procedure for pulsed-mode, venturi-like reverse flow
diverter (RFD) pumping systems. Design techniques are presented for systems in which
the output line area is allowed to vary proportionally with the throat area of the RFD as
well as situations in which the output line area is held constant.

The results show that for cases in which the output line area is allowed to vary, an
optimum RFD throat area exists for a given input pressure. For situations in which the
output line area is held constant, the average output flow decreases in almost a linear
fashion with increasing RFD throat area.



1. INTRODUCTION

The advantages of a pumping system with no packing glands, mechanical seals, or
moving parts are obvious in the transport of hazardous fluids. These characteristics are
inhereat in fluidic pumping systems using a reverse flow diverter (RFD). The RFD shown
schematically in Fig. 1 has therefore been studied both analytically and experimentally,!-3

The operational concept of a pumping system using an RFD, such as the one shown in
Fig. 2, is that when the pumping chamber is vented, fluid flows from the feed tank to the
pumping chamber via a hydrostatic head existing between them. When filled, the pumping
chamber is pressurized; this forces the fluid through the output line to the receiver tank
until the pumping chamber is empty. The pumping chamber is then vented, and the cycle
is repeated. The pumping system thus operates in a pulsed mode. If transient effects are
neglected, the volumetric flow rates associated with the pumping cycle are square waves,
as shown in Fig. 3. Mathematical models have been developed!~? that allow the input flow
rate, the output flow rate, and the refill flow rate to be approximated in terms of the
geometric and operating parameters of the system.

The purpose of this report is tc present a rational design methodology to determine
the geometric and operational parameters of a fluidic pumping system. It is important to
note that essentially all attention in previous work!™ has been focused on the RFD alone.
In designing a complete system, the design engineer must first determine how the rest of
the system interacts with the RFD because the characteristics of the RFD alone are not
sufficient to design a fluidic pumping system.
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Fig. 2. Schematic of a fluidic pump application.
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2. DESIGN EQUATIONS

It is assumed that the purpose of the pumping system is to transport fluid to a
receiver tank, which in turn provides a continuous fluid flow to a process. The receiver
tank is, therefore, essentially a large-capacity reservoir that smooths the output flow from
the pulsed-mode pumping system. Obviously, the volume of fluid delivered to the receiver
tank during the pumping portion of the system’s cycle must equal the volume of fluid
transported to the process during the entire pumping cycle (i.e., the pump time and the
refill time). Thus, it is reasonable to assume that typical design information is for the
pumping system to deliver some average flow rate through some vertical distance. The
term “average” is used in this report to indicate the average over a pumping cycle and will
be indicated by the subscript a.

The output volume of fluid leaving the diffuser of the RFD during the pumping por-
tion of the cycle is

ot + At
V°_fx ot (n

or assuming steady flow
Vo= QoAt, . (2)

It is important to note that the output volume of fluid leaving the RFD is not equal to
the volume of fluid delivered to the receiver tank during a pumping cycle. The difference is
the volume of the output line above the feed tank, which must be filled before fluid begins
to flow into the receiver tank. While the pumping chamber is vented, the fluid in the out-
put line above the feed tank drains back into the pumping chamber and must he refilled
during each pumping portion of the cycle. Thus, the volume of fluid delivered to the
receiver tank, V., is given by: :

Veee=Vo—V: , (3)

where ¥; is the volume of both vertical and horizontal components of the output line atove
the feed tank.



The average flow rate to the receiver tank, Q., over a pumping cycle is therefore
given by:

Vo—V;

_To Tr (4)
Alp + Alrf

Qra =

As previously stated, it is assumed tha* the average flow to the receiver tank is one of
the stated performance requirements of the pumping system; the other requirement is the
vertical distance through which the fluid must be pumped, h,. The next step in this
analysis is to evaluate the terms on the right-hand side of Eq. (4) as a function of the
geometric and operating parameters of the pumping system.

2.1 PUMP TIME

The time required to pump the fluid from the pumping chamber through the nozzle of
the RFD is obtained from Bernoulli’s equation for steady, inviscid, and incompressible flow
between the region immediately outside the nozzle inlet, where the velocity is very small,
and the nozzle throat as:

P+ pgh = P, + 12pv . (5)

The two terms on the left-hand side of Eq. (5) represent the static air pressure applied at
the top of the pumping chamber and the hydrostatic head of the fluid inside the pumping
chamber respectively. The two terms on the right-hand side of Eq. (5) represent the static
pressure at the exit of the nozzle and the dynamic pressure of the fluid emanating from
the nozzle, respectively. The static pressure at the throat of the nozzle is assumed to be
equal to the impressed hydrostatic pressure of the feed tank,

P =pgh; . ' (6)

Solving for the velocity in Eq. (5) and multiplying by the cross-sectional area of the throat
to obtain the volumetric flow rate through the nozzle yields:

Qi = Cady\/2(Pi+ pgh — P)/p (7)

where a discharge coefficient has been introduced to account for irreversibilities in the flow
due to frictional losses.



The continuity equation applied to the control volume consisting of the pumping
chamber and the nozzle of the RFD yields:

dVpe dh (8)
de P dr '

where it is assumed that the pumping chamber is of constant cross sectional area, Ap.

Substitutions of Eq. (7) into Eq. (8) yields a first-order nonlinear differential equation
in which the variables may be separated to yield:

CdAl At = —fo° dh . (9)
Apc od' j;lpc '\/2 (P + pgh — P)/p

Integration of Eq, (9) between the stated limits yields:

‘/”i_”' thy - ‘/_”i_:__”_'] . (10)
g [

It was necessary to integrate Eq. (9) because as fluid exits the pumping chamber, the
hydrostatic head from the fluid inside the pumping chamber decreases, thus yielding a
varying pressure at the inlet to the nozzle of the RFD.

Because, in general, the static air pressure applied to the pumping chamber is consid-
erably larger than the varying hydrostatic pressure of the fluid, it is reasonable to treat the
hydrostatic pressure of the fluid within the pumping chamber as a constant value equal to
its mean value, hyc/2. Thus, Eq. (7) becomes:

Apc
Ca A,

Aty = V2fg

and is time invariant. With this constant value of Q;, continuity becomes:

dVp Vo _ Apchp (12)

A A, Ar,

gi=—

Substituting Eq. (11) into Eq. (12) and rearranging yield:



Ax hpc
Aty = V2/8  CyA, | 45 4/P - Pl+hpc ' (13)
og 2

In fact, because P; is generally much greater than the maximum pumping chamber’s
hydrostatic pressure, pghy, it is felt that the hydrostatic head term could be completely
neglected in Eq. (13) without a significant loss of accuracy. Equation (10) may be con-
sidered an exact solution, while Eq. (13) is an approximate solution.

2.2 REFILL TIME

The time required to refill the pumping chamber may be obtained from an analysis
beginning with Bernoulli’s equation written between the throat of the nozzle and the area
immediately outside the nozzle as:

pgh; = pgh + 1/2pv} . (14)

In this analysis, it is assumed that the only resistance to fluid flowing from the feed tank
to the pumping chamber is the constriction caused by the nozzle throat of the RFD.

Solving Eq. (14) for the velocity and multiplying by the throat area to give the
volumetric flow rate yields:

Q= Ay = CayA, f2g(hs— h) > (15)

where A is the height or level of fluid inside the pumping chamber and Cyy is a refill
discharge coefficient to account for irreversibilities in the flow.
Applying continuity to the pumping chamber yields:

AV dk

Q,,-=T—APCI > (16)

where, as before, the pumping chamber is assumed to be of uniform cross-sectional area.
Substituting Eq. (15) into Eq. (16) and separating the variables yields:

ar f

C.o 2t (17)
M A, U f ,/Zg(hf—h



Integrating Eq. (17) between the given limits yields for the refill time:

A —— (13)
Bt = 2 (VA=A |
T

C

If Eq. (18) is considered exact, an approximate solution can be obtained by considering the
hydrostatic pressure of the fluid within the pumping chamber to be constant at its mean
value of pgho/2. Thus, Eq. (15) becomes:

Qrf = CdrfAl'Vzg(hf—hpc/z) , (19)

while Egq. (16) becomes:

Ve  Apchpe (20)

Qn = At Al

Substituting Eq. (19) into Eq. (20) and rearranging yields an approximate solution for the
refill time as:

(21

Atrf= U2/g

Ay B ]
CdrfAt Zm ‘
The spproximate solution yields very accurate results when ¢ is considerably greater than
hoc. As hpc approaches A, as would be the case when the feed tank is emptied, the approxi-
mate solution breaks down and gives erroneous results.

In order to compare the exact and approximate solutions for the pump and refill
times, Figs. 4 and 5 are presented. Figure 4 presents the ratio of approximate and exact
pump times plotted vs the normalized input pressure with the normalized height of the
pumping chamber as a parameter. This figure indicates the excellent agreement between
the two pump times for pumping pressure only slightly greater than the hydrostatic pres-
sure of the feed tank. Normally, the pumping pressure will be significantly greater than
the feed tank hydrostatic pressure, thus ensuring consistently good accuracy for the
approximate solution. The pumping chamber height should not, under normal cir-
cumstances, be expected to be greater than the feed tank height. If this condition is not
valid, thz pumping chamber will never completely fill, It should also be noted that essen-
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Fig. 4. Comparison of approximate and exact pump time.

tially equally good accuracy is obtained if the pumping chamber hydrostatic pressure is
completely neglected because the change in motivation pressure resulting from the change
in the hydrostatic head in the pumping chamber is insignificant. The normalized approxi-
mate solution for the pump time thus becomes:

Ape
CaA,

h
6ty = i pe l . (22)

\/Pi—Pt

Figure 5 presents the ratio of the approximate-to-exact refill time plotted vs the nor-
malized pumping chamber height. For pumping chamber heights less than 75% of the
height of the feed tank, less than a 5% error is incurred by using the approximate solution,
while for the case when the two tanks are the same height, an error of approximately 30%
is encountered.
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2.3 AVERAGE RECEIVER FLOW

Either the exact or approximate solution to the pump and refill times can be inserted
into Eq. (4) for the average flow ratc - the receiver tank. It is appropriate now to deter-
mine the RFD output volume of fluia _ring a pumping cycle, ¥, and the volume of the
line to the receiver, V;, in terms of the system’s operating and geometric parameters.

The volume of fluid forced through the diffuser of the RFD during the pumping por-
tion of the system’s cycle is equal to the integral of the volumetric flow rate through the
diffuser during the pumping time of the cycle. If transient effects are neglected, this
integral reduces to the product of the RFD output flow rate and the pump time or:

Vo= QoAtp . (23)

A mathematical model of the output flow rate of the RFD has been presented in pre-
vious papers >~ and may be stated as:

Qu=——e AP =Pl . (24)
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where C, is the pressure recovery coefficient of the diffuser. This equation neglects the
slight effect of hydrostatic head variation within the pumping chamber. It also neglects
any losses within the nozzle of the RFD (i.e., it assumes a discharge coefficient of unity),
which has been shown to be a good approximation of the flow through the nozzle.
Substituting Eqs. (24) and (22) into Eq. (23) yields, after algebraic manipulation:

Vo= Alpcfchp ’;i_—P;u ' (2
or
fom i LTE2E o)
where PDR is the pressure difference ratio and is defined as:
Py— P, . (27)

Theory and data previously reported 2> for the RFD have been presented as a function of
the pressure difference ratio.

The volume of the output line above the feed tank is simply its cross-sectional area,
A;, times its length. Its length is the sum of both horizontal length components, L,, and’
vertical components, h,. Thus,

V.=A(h,+ L)) . (28)

The important point here is the fact that the cross-sectional area of the line to the
receiver tank is not an independent variable but is dependent on the inlet area of the
diffuser. To illustrate this point, a scheraatic of the diffuser of the RFD and output line is
presented in Fig. 6. It should first be noted that the relationship between the diffuser inlet
and exit area (i.e., A, and A,, respectively) is determined by “good” diffuser design. Typi-
cal references*® on plane-walled and axisymmetric diffusers give maps of the relationships
between diffuser geometric parameters (i.e., diffuser design) and stability regimes as well
as performance characteristics (i.e., pressure recovery coefficients). The three most impor-
tant geometric parameters of a diffuser are the area ratio, 4,/A,, divergence angle, 26, and
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, the slenderness Lg/D;. Only two of these are independent. Good diffuser performance and
design are limited between high viscous losses (i.e., small area ratio and small divergence
angle) and flow separation (i.e., large area ratio and large divergence angle).

Assuming that the output area of the diffuser is equal to the line area, the output line
cross-sectional area is known in terms of the receiver/diffuser inlet area, A4,, and the area
ratio of the diffuser, AR. Thus,

A= (AR)A, . (29)
The volume of the output line above the feed tank is therefore:
Vi=(AR)A(h.+L,) . (30)

Substitution of Eqs, (13), (18), (26), and (30) into Eq. (4) yields:

— ‘/ — PDR
AApch —'—]—_—Pg—p — (AR)(h + L) A?

Ql‘l = — )
V2hyg Apc h o + |—\/ 1=k (31)
Ce\Pi— 1+ h 2 [
where
_ h (32
Fp=—r )

-
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and

P, (33)

From Eq. (31) it is evident that if all other parameters are held constant, the average
volumetric flow delivered to the receiver tank varies in a quadratic manner with the throat
area of the RFD as depicted in Fig. 7. The value of A, that yields the maximum average
flow delivered to the receiver tank (i.e., the “optimum” A4,) may be obtained by taking the
partial derivative of Eq. (31) with respect to A,. Equating this derivative to zero and solv-
ing the resulting equation for A4, to yield the optimum throat area, (4 )op:

Apch e 1 — PDR (34)
2(AR)(h, + L, 1-C,

(Al)opl =

In typical design situations, all the parameters on the right-hand side of Eq. (34) are
known with the exception of the pressure difference ratio [Eq. (27)], which contains both
the pressure applied to the pumping chamber as well as the output pressure of the diffuser
of the RFD. Thus, Eq. (34) is a single equation in three unknowns, indicating the necessity
of obtaining additional equations in order to solve for the optimum RFD throat area.

ORNL—-DWG 86-11848
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In addition to equations already developed, an additional equation may be determined
by analyzing the pressure/flow relationship for the line from the RFD output to the
receiver tank. Applying the energy equation to this output line yields:

ho+ Ly
D,

Q3ap (35)

P, = pgh, + — 3
o= PBA, 2A,2(AR)2

f

This equation assumes a uniform diameter line of vertical elevation between inlet and exit
of h,; horizontal length of L, including horizontal runs above and below the feed tank; and
total minor loss coefficients (elbows, values, etc.), K. The friction factor, f, is dependent on
the Reynolds number as well as the relative roughness of the inside surface of the conduit.

At this point, it should be noted that sufficient equations have been developed to
determine the optimum RFD throat area given by Eq. (22). The equations, in dimensional
form, necessary to determine this area are Egs. (2), (4), (10) or (13), (18), (24), (27),
(28), (29), (34), and (35). Thus, 10 equations are available to determine the 11 unknowns;
Ay Ap, Py, Py, PDR, Q,, Ora, Vo, Vi, At,, and Aty If one of these parameters is fixed, then
the optimum value of A4, can be determined. For example, if P; is chosen, then the
optimum value of 4, may be solved for.

Normalizing time with respect to /2h¢/g ; the flow rate with respect to Ape ghe/2
length, area, and volume with respect to Ay, Ay, and heA,., respectively; as well as includ-
ing those normalization quantities previously mentioned, enables these equations to be writ-
ten, after substituting Eq. (2) into Eq. (4) and Eq. (27) into Eq. (34), as:

- R o
= — , 36

(A op, 204R)k .+ L) 1 —-C, (36)
_ Q At , — A (ARNL o+ h )2
Q a A—{P + ATrf ’ (37)
g, -ay 2P ' (38)

° ' 1-c, '
F o7 + h, +L, D2 .

o [ f b_o Alz(AR)z ’ (3 )
— 3

= (40)

At =
P e = p— ’
26 A VP 1+ k2



and

1= ViI—hy
CdrfAl

(41)

A_frf=

Although these equations are sufficient to determine the optimum throat area of the RFD,
for a given input pressure, the nonlinear system of equations is unwieldly and difficult to
solve in practice. For this reason, and others to be discussed later, an alternate design
approach for the pumping system is presented.

In this approach, the equation for the optimum throat area [Eq. (36)] is not utilized,
and the average flow delivered to the receiver tank, Qr,, is treated as an unknown instead
of a known or design parameter. The system of equations describing the operation of the
pumping system is solved for a given RFD throat area as well as pumping pressure, and
the average flow rate to the receiver tank is calculated. A parametric study of various
RFD throat areas and pumping pressures enables the design engineer to select an appropri-
ate combination of these two parameters that will result in 2 pump design satisfying design
requirements. This technique, while not directly yielding an optimum design, does have
the advantage of allowing a study of a map of the predicted performance of the pumping
system as a function of these parameters. Thus, the designer can easily determine the gra-
dient of the system’s performance characteristics with these design parameters and is in a
position to make a design decision that may include some design considerations of perhaps
secondary importance. In essence, this technique enables the design engineer to select a
syste}n from a range of perhaps equally suitable designs. The use of a microcomputer per-
mits the designer to easily map the system’s performance as a function of the two vari-
ables, 4, and P;. Any parameters of interest may be used to map *he system’s performance,
although A; and P; seem to be the most logical choices. Althcugh the equations for this
analysis have already been presented, they are repeated here for convenience after some
modification.

The instantaneous output characteristics of the RFD during the pumping portion of
the cycle may be determined from Eqs. (24) and (35). Combining these twn equations for
the purpose of eliminating P, yields the instantaneous output flow as a function of the
pumping pressure and throat area as:

) AP~ pghollo
Q= A fho+ Ly Kk “2)

1 —C,+
P (ARYD, (ARY

Use of Eqgs. (2), (13), and (18) enable Eq. (4) to be expressed as:

[%: Voo =V,
On= : (43)
Voo | Aec ‘/ﬂ _‘/Z(hr"'pc)
Qi A Carf g g




where Q; is given by Eq. (11).

The solution procedure appears to be simply to pick a throat area and diffuser area
ratio, use Eq. (42) to determine the instantaneous output flow, and then use Eq. (43) to
determine the average flow delivered to the receiver tank over a pumping cycle. Unfor-
tunately, the procedure is not quite this simple because the friction factor, f, in the denom-
inator of the radical of Eq. (42) is a function of the output line Reynolds number as well
as the line relative roughness if the flow is turbulent (as perhaps normally expected). The
Reynolds number, being a function of the flow velocity, is therefore an unknown, indicat-
ing insufficient information to determine the friction factor.

Perhaps the simplest technique to overcome this difficulty is to place Eq. (42) in a
loop on the microcomputer. The first time through the loop, the friction factor is assumed
to be zero, and the corresponding flow is determined. Using this flow rate, the Peynolds
number of the output line is calculated, and a friction factor is determined. A new or an
updated outpnt flow is then determined using the friction factor evaluated. The new flow
rate is then used to determine an updated Reynolds number, and the same procedure is
continued until the calculated flow rate ceases to change.

The relationships among the friction factor, Reynolds number, and relative roughness
are normally determincd from the Moody chart. For computer purposes, it is more con-
venient to use the interpolation formula by C. F. Colebrook,’

1 ¢/d 2.51 (44)
\/7— 2.0log 3.7 +_——(Re)\/7 )

if the flow is turbulent (i.e., Re > 4,000).

For the turbulent flov: regime, a simpler equation may be used if the pipe is con-
sidered smooth. This equation is given as:

0.3164 (45)
Rel/4 i

f=

although it becomes increasingly inaccurate as the Reynolds number increases above 10°,
If the flow is laminar (i.e., Re < 2,000), the friction factor is given by:

_ 64 (46)
S .

To illustrate the technique introduced in this section to design a pumping system, a
sample design is presented in Appendix A.
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2.4 ALTERNATE DESIGN PROCEDURE

The reason the previously discussed design technique had an optimum RFD throat
area is that the output line diameter was determined by the RFD throat area and the RFD
diffuser area ratio. An interesting alternative to this technique is to fix the output line
diameter at a value less than the diffuser outlet diameter and use a gradual contraction
(i.e., nozzle) to connect the output of the RFD diffuser to the output line. This is shown
schematically in Fig. 8. In essence, this arrangement allows the diffuser of the RFD to
convert a portion of the dynamic pressure of the fluid entering the receiver to static
pressure in the plenum * lume. This pressure is used to drive the fluid into the fixed diam-
eter output line to the  _civer tank.

Fixing the output line diameter has several interesting effects on the performance of
the system. Perhaps the most significant effect is that the volume of the line is fixed, which
means that in the numerator of Eq. (4), the volume of fluid leaving the RFD that never
reaches the receiver tank is a constant instead of a variable as it is in the previous design
technique. This means that for a given input pressure, an optimum throat area does not
necessarily exit. By keeping the output line volume fixed, the design enginecer has some
control over the volume of fluid that the system may be unable to remove from the feed
tank in situations where it is desirable to “pump” the system dry.”

An obvious penalty that is paid by this icchnique is the fact that by keeping the line
diameter “small,” the pressure drop resulting from friction may increase significantly. It is
noted that the pressure drop for a given flow rate in turbulent flow caused by viscous fric-
tion is inversely proportional to the line diameter to the fifth power. Thus, a reduction in
the RFD output diameter of 1/2 (i.e., Dg/D, = 1/2) will require 32 times the output pres-
sure than would be required if no reduction occurred. This observation is of considerable
importance in certain applications.

The energy equation for the pressure drop in the output line may be expressed as

ho+ L, pQ2 (47)
f}-,)ﬂ ]+K] e
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Combining Eq. (47) with Eq. (24) yields:

Qo - Z(Pl - pgho)/p _ (48)
V™~ ~Cp, Sthot LYDy+K

A? A}

For all parameters on the right-hand sidc of Eq. (48) constant except for the throat
area, comparison of the output flow calculated from this equation with that calculated
from Eq. (42) (for variable output line diameter) indicates that Eq. (42) always yields the
greater flow for given 4, during the pumping portion of the cycle. This does not indicate
that the average output flow follows this same trend because as A, increases, the dead
volume of the output line increases in the previous design technique but remains constant
in this current analysis.

Several comments should be mad~ at this time. The minor loss terms in Egs. (47} and
(48) should now include the additional loss associated with the gradual contraction. How-
ever, F.M. White$ indicates that for gradual contractions, the loss is very small (e.g., K
0.04 for a contraction cone included angle of 45°). It is also noted that all of this analysis
is predicated on the assumption that the output line area is less than the output diffuser
area. If this is not true, then the output line area should equal the output diffuser area.

Appendix B presents an example of a design using this technique.



3. CONCLUSIONS

In this report two design procedures have been presented. The designer can use these
procedures to specify a fluidic pumping system for either a new installation or an existing
system. In the case of a new installation, an optimum pump design may be arrived at by
varying the outlet line diameter in proportion with the RFD throat area. An optimum
pump design does not necessarily exist for the case of an existing system with fixed-

diameter outlet lines; however, a suitable pump design can be determined using these pro-
cedures.
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NOMENCLATURE

maximum cross-sectional area of the diffurer
cross-sectional area of the pumping chamber during refill
cross-sectional area of the output line from the RFD
area ratio for the diffuser, A,/A,

cross-sectional area of throat of the RFD

optimum throat area yielding the maximum average delivered flow to the receiver
tank

discharge coefficient to account for irreversibilities in the flow through the nozzle
discharge coefficient to account for irreversibilities in the filow during refill
pressure recovery coefficient of the diffuser

pipe diameter in friction factor equation

output line diameter

maximum diffuser diameter at the exit

diameter of pumping chamber
minimum diameter of the diffuser at the throat

friction factor
acceleration caused by gravity
' ft—lby

lbg—

conversion factor for English units system 32.174

height of fluid inside pumping chamber
height of fluid in the feed tank and the lines leading to the RFD

vertical elevation between the inlet to the RFD and exit from the discharge line
from the pumping chamber

height of the pumping chamber
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net vertical distance through which the fluid is pumped
total minor loss coefficients to account for elbows, valves, etc.

length of tappered portion of the diffuser

horizontal distance through which fluid is pumped, excluding those horizontal runs

below the level in the feed tank

horizontal distance through which fluid is pumped, including the horizontal runs

below the feed tank level
Po_Pt
Pi_Pt

pressure difference ratio

static air pressure applied at the top of the pumping chamber
pressure at the output of the RFD

static pressure in the throat of the RFD at the exit of the nozzle
volumetric flow rate through the nozzle

output volumetric flow of fluid leaving the diffuser during pumping

average flow rate to the receiver tank

volumetric flow rate to pumping chamber during refill
Reynolds number

time

output volume of fluid leaving the diffuser during pumping
volume of thz pumping chamber

volume of the output line above the feed tank

volume of fluid delivered to the receiver tank

fluid velocity in the throat of the RFD

bar over symbol indicates normalized quantities
roughness factor in friction factor equation

half the divergence angle of the diffuser

density

length of time for pumping cycle

length of time for the pumping chamber to refill

viscosity



Appendix A

EXAMPLE OF DESIGN TECHNIQUE WITH
VARIABLE OUTPUT LINE DIAMETER

In this appendix, an example of the design technique presented in Sects. 2.1, 2.2, and
2.3 is discussed. English units are used in the example and program.

A.1 REQUIRED PERFORMANCE

The pump must be capable of delivering an average volumetric flow rate of 21 gal/h
(0.35 gpm) through a vertical distance of 23 ft, from a tank with a nominal fluid level of
8 ft. The output line from the RFD has a horizontal run of 10 ft above the fluid level of
the tank and no horizontal length below the fluid level in the tank. The output line will
contain four standard 90° elbows. The fluid to be transported has the properties of water.
A schematic of the system with associted dimensions is shown in Fig. A.1.

A.2 DESIGN PROCEDURE

From an inspection of Eq. (43), it is evident that it is desirable to have the volume of
the pumping chamber large compared to the volume of the output line above the feed
tank. In initial design considerations, it is therefore usually desirable to ascribe as large a
value as possible to the pumping chamber. In this example, it is assumed that the pumping
chamber is limited to a diameter of 0.33 ft and a height of 1 ft. More will be presented
later in this appendix on the effects of pumping chamber volume on the overall perfor-
mance of the pumping system.

As previously discussed, the pressure recovery coefficient is dependent on two of the
three diffuser parameters, area ratio, divergence angle, and slenderness. Maps of the pres-
sure recovery coefficient may be found as functions of these parameters.'”® For this
problem, an area ratio of 2.5 and slenderness of 11 are arbitrarily assumed, yielding a
pressure recovery coefficient of 0.6.2

The refill discharge coefficient was determined to be about equal to 0.7 froin experi-
mental data. The reason this value is slightly higher than the normally used value of about
0.6 for an orifice is because of the smoothly diverging area in the nozzle during refill. This
leads to smaller losses than those caused by the abrupt area change in an orifice.

The loss coefficient of a standard 90° elbow* is taken as 0.75 (yielding a total loss
coefficient of 3 for 4 elbows), and the pipe is assumed to have a negligible roughness coef-
ficient.
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Fig. A.1. Schematic of system’s physical layout.

The program used to calculate the average flow rate delivered to the receiver tank for
a specific input pressure as a function of the throat area of the RFD, A, is listed in Exhi-
bit A.1. Relating the variables and constants used in the program to those used in the text

yields:

AL = A4, DTP = AT, LR = L,
AO = 4, DTRF = ATy NU = 4
APC = Ay E=¢ PI = P,
AR = AR F=f oI = g
AT = 4, G=¢g Qo = @,
CD = G4 GC = g, QRA = @,
CDRF = Cdrf HF = hf RE = Re
CP =C, HO = h, ROE = p
DO = D, HPC = hy VL = Vv,
DL = D, HR = h, VPC = V.
DPC = Dy K=K VEL = V¥,
DT = D, LO =L,



29

10 REM PROGRAM NAME : VARIABLE

20 REM DATE : SEPTEMBER 11, 19Bé

30 REM VARIABLE OUTPUT LINE DIAMETER, G. V. SMITH, B, E. LEWIS

40 REM APPENDIX A

50 WIDTH "LPTi:",132:KEY OFF

60 LPRINT CHR#(27)+CHR$(15);CHR$¥(12) ;CHR$(27)+"N"+CHR$(2)

70 CLS:FRINT "Pulsatile fluidic pump design program : VARIABLE":PRINT "Variable

outlet line diameter":PRINT

BO PRINT "Do you wish to enter data from the keyboard or a data file (K or F)":1
NPUT ANSW$:IF ANSWE="F" OR ANSW$="+" THEN GOSUB 1120:60T0 330

90 CLS:NU$="":ROE$="":PRINT "Enter fluid charateristics or press RETURN for defa
ult values:":INFUT "Viscosity, NU=0.00001 lb/ft-s ==>" ,NU$:INPUT "Density, ROE=
62,4 1b/ft"~3 ==>" ROEY

100 IF LEN(NU%)=0 THEN NU=,00001 ELSE NU=VAL (NU$)

110 IF LEN{(ROE$)=0 THEN ROE=62.4 ELSE ROE$=VAL (ROES$)

120 PRINT :PRINT "Enter system characteristics or press RETURN for default value
CH

130 HO$="":HF$=""sHPC¥="": INPUT "Vertical distance from RFD to receiver tank, HO
=23 ft ==3",HD$:INPUT "Height of fluid 1n feed tank from RFD, HF=8 ft ==>" HF$
+ INPUT "Height of pumping chamber, HPC=1{ £t ==>",HPC$

140 HR$="":DPC¥=""1INPUT "Vertical distance above feed tank, HR=13 ft ==>",HR$:
INPUT "Diameter of pumping chamber, DPC=0.33 ft ==>",DPC#

150 LO0$="":LR$¥="":AR$=""+ INPUT "Total length of horizontal line, LO=10 ft ==>",
LO$: INPUT "Length of horizontal line above feed tank, LR=10 ft ==>",LR$:INPUT "
Area ratio for the diffuser, AR=2.5 ==>",AR$

160 IF LEN(HD4$)=0 THEN HO=2Z! ELSE HO =VAL (HOS$)

170 IF LEN(HF$)=0 THEN HF=8B'!' ELSE HF=VAL(HF$)

180 IF LEN(HPC#)=0 THEN HPC=1! ELSE HPC=VAL (HPC$)

190 IF LEN(HR$)=0 THEN HR=15! ELSE HR=VAL (HR#)

200 IF LEN(DPC4)=0 THEN DPC=.3% ELSE DPC=VAL(DPCS$)

210 IF LEN(LO#)=0 THEN LO=10' ELSE LO=VAL(LOS$)

220 IF LEN(LR$)=0 THEN LR=10! ELSE LR=VAL(LR$)

2Z0 IF LEN(AR%)=0D THEN AR=2.5 ELSE AR=VAL(ARS)

240 FRINT:PRINT "Enter the loss coefficients :"

250 CP#="":CDRF#="":INPUT "“Pressure recocvery coefficient of the diffuser, CP
==>" ,CP$:INPUT "Discharge coefficient for losses during refill, CDRF=0,7 ==
DRF#%

260 K$="";E4$="":CD$="":INPUT "Discharge coefficient for nozzla, C
tINPUT "Total minor losses coefficient-elbow, valves, etc., K=3.9
"Roughness factor in friction factor equation, E=0 ==>",E$

270 IF LEN(CP#)=0 THEN CP=.4 ELSE CP=VAL(CP$)

280 IF LEN(CDRF$)=0 THEN CDRF=.7 ELSE CDRF=VAL(CDRF#%)

290 IF LEN(K%£)=0 THEN K=3! ELSE K=VAL({KS$)

300 IF LEN(E$)=0 THEN E=0! ELSE E=VAL(E$)

Z10 IF LEN(CD#)=0 THEN CD=.95 ELSE CD=VAL{(CDS%)

320 CLS:NME#="":DESC$="":INPUT "Do you wish to save the input data (Y or N)";ANS
WE:IF ANSWE="y" DR ANSW$="Y" THEN BOSUB 1070

330 IF LEN(DESC#)=0 THEN DESC$="NONE"

740 IF LEN(NME$)=0 THEN NME#="NONE"

350 CLS:LOCATE 10,30:COLOR 23:PRINT "Processing.......":LPRINT :LPRINT "Program

VARIABLE":LFRINT "Data-Set Description : ";DESC#:LPRINT "Data file name : "j;NM

E€:LPRINT "Date : ";DATE#$;TAB(467);" Time : ";TIME$:COLOR 7

=0.6
>II,C
D=0.95 ==>",CD$

==3" K$1 INPUT

Exhibit A.1. BASIC program used to calculate the average flow rate delivered to a receiver tank for specific
input pressure as a function of the throat area of the RFD.



260 LPRINYT Y====z=z==zzc=czcas=-c-scocssz==-==-scSsoc-==S=Soo==S=SX=ZSS=SSS=SSSTSSSSRSS==SSISS===S
==sz========z="; LFRINT TAB(40);"Input data "

370 LPRINT * HO(ft) HF(ft) HRC(ft) LOCFt) LR(ft) HPC(4t) DFC(ft) CP CDRF AR K
CD Ecft) "

380 LPRINT " mcmoce mmmmme mmocol cmcime ccmacs mmmmmon dmoel oo meee e e

290 LPRINT USING " ##.#4% ";HD;HF;HR;LO0;LR;HPC;DPC;CP;

430 LPRINT USING "#.% ":CDRF;AR;V;

410 LPRINT USING "#.48% “";CD;

420 LPRINT USING ", #H44%";€

430 LPRINT "=====z==ss=zcs=cs=S==s=S=z-=S==-==SS--SoC-=S2zcSSSSXSS=SSSEsSTxSssSSSSSS=SSS===s==
==z=s=========" ;| PRINT

44¢ LPRINT "Definition of input terms :";TAB(40);"Defini1t1on of output terms :":
LPRINT " AR - Diffuser area ratio”";TAB(60);" AT - Diffuser throat area":LPRINT"

€D - Nozzle discharge coefficient”;TAB(40);" DO - Output line diameter"

420 LPRINT" CDRF - Refill discharge coefficient";TAB(&0O) ;" DT - Diffuser thrgat
diameter":LPRINT" CF - Diffuser pressure recovery coefficient";TAB(&0);" DTP - P
umping time":LPRINT" DFC - Diameter of pumping chamber”;TAB(460);" DTRF - Refill

time"

460 LPRINT" HF - Height of fluid 1n feed tank";TAB(&0);" PI - Motivation pressu
re"

470 LPRINT" HO - Vertical distance betwesen RFD and receiver "j;TAB(60G)5" B - Flow
rate from npzzle":LFRINT" HFC - Height of pumping chamber";TAE(&60);" RO ~ Flow

rate leaving diffuser”

480 LPRINT" HR - Vertical distance above feed tank";TAB(60):" GRA - Average flow
rate to receiver“:LPRINT" LD - Total horizontal distance to receiver from RFD";
TAE(L0);" RE - Reynolds number":{PRINT" LR - Horizontal distance to receiver abo
ve feed tank";

490 LFRINT TAB(50);" SPLIT - Percentage of pump chamber transferred":LFRINT TAB(

601;" VL - Fallback volume”:LPRINT TAB(60G);" YPC - Volume of pumping chamber®

500 6=32,2:6C=32.2

510 APC=3,14%DPC#DPC/4

520 F=0

530 VPC=APC*HPC:VPCG=VPC*7,4B:LPRINT USING "VPC(gal) = ##.%#4 ";VPCE

940 PI=15

590 LPRINT

560 LPRINT USING "PIl(psig) = ## ";PI

570 LPRINT " AT(sgft) DT(in) QRA(gpm) Qligpm! Q0{(gpm) Vi{(gal} DTP{(sec) D
TRF (sec) RE SPLIT(%Z)Y DDC(IN) ™

SB0 LERINT " —-mmmmmm mmmmmm mmmmen e n e s e —me e -

590 AT=,0001

600 DT=SOR(4*AT/Z,14)

610 VL=AR*xAT*(HR+LR)

£20 DTI=DT#12

&30 DTRF=(APC/ (AT#CDRF)) # (SAR(2%HF/G) -SQR(2# (HF-HPC) /B))
640 OI=CD#AT#SQR((2%GC*¥144+PI/ROE) -24G#HF +G#HFC)

650 AD=AR*AT

660 DD=DT*SEBR (AR}

£70 0DB=0:F=0

680 LOSS=(F*%(HO+L0O)/DO+K) /AR"2

Exhibit A.1. (Continued)



690
700
710
720
730
740
7350
760
770
780
790
800
810
820
30
840
850
860
870
Bgo
890
00
210
220
Q30
240
@350
240
270
280
990
1000
1010
1020
1030
1040
1080
1060
1070
1080
stin
FUT
1090
1100
ROE:
1110
1120
1130
Cr,C
1140

31

Q0=AT*SOR(((2%GC*144%PL/ROE)-2%6G*¥HO) / (1-CP+L0SS))
vo=00/A0
RE=VO*DO/NY
FE=.02
F=(-2%,4243%L0G(E/{DO*3.7)+2.51/ (RE#SDR(FG) IV (-D)
ERF=(F-FG)/F
IF ABS(ERF)+4.01 GOTO 780 ELSE GOTO 760
FG=F
GOTO 7720
ER=(Q0-006) /00
IF ABS(ER)<.01 GOTO 820 ELSE GOTOD BOG
206=R0
GOTO &80
DTP=VFC/0I
GRA=(QO0*DTP-YL) /(DTP+DTRF)
QL=VPC-CO*DTF
DOI=D0Ox*12
SPLIT=Q0#DTF*100/VPC
C=60%7,48
ORA=0RA*C
Q1=01xC
00=00+C
VLI=Vi*7.48 |
IF QRA<O GOTO 930 ELSE GOTO 940
URA=0
LPRINT USING “ #4%. 4884 "; ATy
LFRINT USING "#.### ";DTI;
LPRINT USING " #4##.##8% ";ORA;0I;00;VLI;
LPRINT USING " ###%.4 "sDTP;DTRF;
LPRINT USING "###8#4. ";RE;
LPRINT USING " ###.4 ";SFLIT;

LFRINT USING "  #.##4  “;DOI

IF QRA=0 GCT0 1040 ELSE 60TD 1020
AT=AT+, 0001

BOTD 600

PI=FI+5

IF PI<52 GOTOD 550 ELSE GOTO 1060

CLS:WIDTH "LPT1:",B0:LPRINT CHR$(18);CHR$(27)+"0":KEY ON:STOP

PRINT :PRINT "Files on default drive :":PRINT :FILES

PRINT sINFUT "Enter filename for data storage :";NME$:PRINT “NOTE : Any exi
g data in ";NME$;" will be lost":FRINT "Do you wish to continue (Y or N)":IN
ANSW$:IF ANSHE="y" DR ANSWS="Y" THEN OPEN NME$ FOF DUTPUT AS #1:G0T0 1100
GOTO 1080 .

DESC$="": INPUT "Enter run description : ";DESC$:PRINT #1,DESC$:PRINT #1,NU,
PRINT #1,HO,HF ,HPC,HR,DPC,LO0,LR,AR:PRINT #1,CF,CDRF,K,E,CD

CLOSE #1:RETURN

CLS: INPUT "Enter data file name for input";NME$:0PEN NME$ FOR INPUT AS #1
INFUT #1,DESC#: INFPUT #1,NU,ROE:INPUT #1,HD,HF,HFC,HR,DPC,LO,LR.AR: INPUT #1,
DRF,K,E,CD

CLOSE #1:RETURN

Exhibit A.1. (Continued)
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For the conditions imposed on this pumping system, the output of the computer program is
presented in Fig. A.2 as a plot of the average volumetric flow rate delivered to the receiver
tank vs the throat area of the RFD with the input or pumping chamber pressure as a
parameter. For a given supply pressure and pumping chamber volume, the average flow
rate increases to a maximum as the throat area of the RFD is increased, thereby reducing
the refill resistance and allowing the pumping chamber to fill more rapidly. Because the
outlet line diameter varies directly with the RFD throat area, the fallback volume con-
tained in the outlet lines also increases. Larger fallback volumes serve to decrease the aver-
age delivered flow rate to a receiver tank. Eventually, as the throat area continues to be
increased, the average flow rate improvements from the decreasing refill resistance are
overshadowed by the penalties paid by the larger fallback volumes.

Inspection of this figure demonstrates the quadratic nature of the average output flow
as a function of the RFD throat area for a given input pressure and the existance of an
optimum throat area. For the required flow rate of 0.35 gpm, it is evident that a minimum
input pressure of slightly more than 30 psig is required. The optimum throat area for this
pressure is about 0.0004 ft2 indicating a nozzle exit/receiver inlet diameter of 0.27 in.
This yields an output line inside diameter of about 0.68 in.

It is interesting to note that for this RFD throat size, increasing the input pressure to,
perhaps, 50 psig to increase the output flow still enables the system to operate very close to
optimum conditions, while decreasing the input pressure to 25 psig also causes very little
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Fig. A.2. Average output flow as a function of RFD throat area and input pressure,
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deviation from optimum performance. A copy of the program output for input pressures of
15, 20, and 25 psig is presented in Exhibit A.2.

The size of the pumping chamber was arbitrarily set for this problem. To illustrate
the effect of pumping chamber volume on the performance of the system, the average out-
put volumetric flow rate is plotted versus the diameter of the pumping chamber in
Fig. A.3. For this analysis, the input pressure and RFD throat area were held constant at
40 psig and 0.0004 ft2, respectively. All conditions listed in Fig. A.1 are unchanged, with
the exception of the pumping chamber diameter. This figure rather vividly illustrates the
significant impact an increase in pumping chamber size can have on overall system perfor-
mance. Although constraints are normally imposed on the physical size of the pumping
chamber, it is important to remember that every effort should be made in keeping it as
large as possible. It perhaps should also be noted that in Fig. A.3., the flow rate calculated
and plotted is not the optimum, except at the diameter of 0.33 ft,

Frogram : VARIABLE

Data-Set Description : APPENDIX A

Data file name : PUMP.DAT

Date : 12-15-1984 Time ¢ 09:57:08

Input data
HO(ft) HF{Ft) HROfFt) LO(Ft) LR(ft) HPC(Ft) DPC(Ft) CP CDRF AR K CD E(ft)

231,00  8.00 153.00 10,00 10.00 1.00 0.33 0.80 0.7 2.3 3.0 0,93 . 00000

Definition of input terms : Definition of output teras :

AR - Diffuser area ratio AT - Diffuser throat area

CD - Mozzle discharge coefficient DO - Qutput line diameter

CDRF - Refill discharge coefficient DT - Diffuser throat diameter

CP - Diffuser pressure recovery coefficient DTP - Pumping time

DPC - Diameter of pumping chamber DTRF - Refill time

HF - Height of fluid in feed tank PI - Motivation pressure

HO - Vertical distance between RFD and receiver @I - Flow rate from nozzle

HPC - Height of pumping chamber @0 - Flow rate leaving diffuser

HR - Vertical distance above feed tank BRA - Average flow rate to receiver
L0 - Total horizontal distance to receiver from RFD RE - Reynolds nuaber

LR - Horizontal distance to receiver above feed tank EPLIT - Percentage of pump chamber transferred

VL - Fallback voluae

VPC - Volume of pumping chasber
VPC(gal} = 0,637

Plipsigl = 15
AT{sgft) DT(in) ORA(gpm) @l(gpa) 0O(gpn) ViL(gal) DTF(sec) DTRF(sec) RE  SPLITCX) DO(INI

0.0001 9,17 0.065 1.782 0,362 0,047 {
0,0002 0.192 0.108 3,563 0.909 0.093 0.
0.0003 0,235 0. 104 5.345 1,243 0.140 1.
5
]

- N

0.0004 0.271  0.042 1.127 2.237 0.187
0.0005 0.303  0.000 B.708 2,975 0,234

N A N o on

Exhibit A.2. Output from program given in Exhibit A.1.
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Plipsig) = 20
AT(sqft) DT(in) ORA{gpe) Qi(gpa) G0(gpa) VL(gal) DTP(sec} DTRF(sec)  RE  SPLIT(X) DOIIN)

0.0001 0,135  0.0%4 2,127 0,537 0.047 18.0 32.6 8547  25.7 0.214
0.0002 0.192  0.174 4,254 . 340 0.093 9.0 27.8 15066  31.5 0,307
0.0003 0,235 0,217 £.382 2,268 0.140 6.0 18.5 2083 35,9 0.371
0.0004 0,271 0,194 £.509 3,280 0.187 4.5 13.9  2x084 38,5 0,428
0.0005 0,303 0,114 10,636 . 304 0.234 3.6 1.1 30948 40.9 0.479
N.0006 0,332 0,000 12,763 3,477 0.281 3.0 9.3 35546 42,9 0.525

Pl(psig} = 25
AT{sgft) DT(in) ORA(gpn)} Ol (gpa) 0O(gpm)  Vi(gal} DTP(sec) DTRF(sec} RE  SPLIT(X) DO(IN}

0,0001 0,125 0,111 2,424 0,676 0.047 159.8 59.6 10758 27.9 0,214
0,0002 0,192 0,21& 4,848 1,682 0,097 7.9 27.8 18920 34,7 0.303
2.000% 0,225 0,274 7.272 2,840 0.140 9.3 18.5 24080 39.1 0.371
0,0004 0,271 1,280 9,696 4,100 0.187 4.9 13.9 12606 42.7 0.428
0,0005 0,303 0,223 12,120 5. 436 0,234 3.2 11.1 18648 44,9 0,479
0.0006 0,332 0.100 14,544 6,833 0.281 2.6 9.3 44370 47.0 0,925
0.0007 0,358 0,000 16.968 8.287 0.327 2.3 7.9 49787 48,8 0,567
Exhibit A.2. (Continued)
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Fig. A.3. Variation of output flow with pumping chamber diameter.
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Appendix B

EXAMPLE DESIGN TECHNIQUE WITH
FIXED OUTPUT LINE DIAMETER

In presenting an example of the alternate design procedure discussed in Sect. 2.4, it is
assumed that the geometric layout and specifications are identical to that discussed in
Appendix A (Fig. A.1). Furthermore, we will continue to use English units in the example
and program,

The program used to calculate the average flow rate delivered to the receiver tank for °
a specific input pressure and output line diameter is presented in Exhibit B.1. Sample
output is given in Exhibit B.2. The program variables are the same as those listed in
Appendix A,

The output of the computer program for the conditions irposed are presented in
Fig. B.1 and B.2 as plots of the average output flow rate vs the ti .oat area with the input
pressures as a parameter. Figure B.1 is for an output line diameter of 0.018 ft, while
Fig. B.2 is for an output line diameter of 0.0255 ft (about twice the cross-sectional area).

In Fig. B.1, the data began at a throat area of 0.0001 ft2. For a diffuser area ratio of
2.5, this corresponds to the point where the diffuser exit diameter is equal to the output
line diameter. As the throat area is increased, the output diffuser area increases propor-
tionally, necessitating a contraction in the output line area as depicted in Fig. 8. For this
same reason, the data in Fig. B.2 begin at a throat area of 0.0002 ft2.

As is evident from inspection of Figs. B.1 and B.2, for a given output line area and
input pressure, the average output flow rate decreased in almost a linear fashion. As would
be expected, increasing input pressure as well as output line area results in an increase in
average output flow rate.

On both figures, the initial value of the average output flow rate corresponds to the
situation of the diffuser output area being equal to the output line area. These values

correspond to the values plotted in Fig. A.2.
¢ For a given input pressure, the data in Figs. B.1 and B. 2 decrease for a given output
line diameter, while the average output flow rate increases to a maximum in Fig. A.2 when
the output line is allowed to increase proportionally with the RFD throat diameter.

The reason for this decrease in average output flow rate with increasing throat area is
that as the throat area is increased, the input flow to the RFD increases, thus decreasing
the system pump time. Because the instantaneous RFD output flow rate is found to remain
fairly constant, this results in a smaller volume of fluid lea: ‘'~z the RFD. Although the
refill time also decreased with increasing throat area, it is f .. that the decrease in sys-
tem cycle time is more than offset by the decrease in fluid leaving the RFD.
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10 REM PROGRAM NAME : FIXED

20 REM DATE : SEFTEMBER 11, 19864

20 REM FIXED OUTPUT DIAMETER, G. V. SMITH, B. E. LEWIS

40 REM APPENDIX B

S0 WIDTH “LPT1:",132:KEY OFF

60 LPRINT CHR$(27)+CHR$(13);CHR$(12);CHR$(27)+"N"+CHR$ (2}

70 CLS:PRINT "Pulsatile fluidic pump design program : FIXED":FRINT "Fixed outlet
line diameter":PRINT DATE$;TAB(40);TIMES:PRINT

B0 PRINT "Do you wish to enter data from the keyboard or a data file (K or F)"sl

NPUT ANSW$:IF AMNSW$="F" DR ANSW$="+" THEN GDSUE 1120:60TD 3Z

90 CLS:NU$="":ROE$="":FRINT:FRINT "Enter the fluid charateristics or press RETUR

N for the default values:":PRINT :INPUT "Viscosity, NU=0.00001 1b/ft-5 ==3" NU$
tINPUT "Density, ROE=62.4 lb/ft~3 ==>",ROE$

100 IF LEN(NU$)=0 THEN NU=.00001 ELSE NU=VAL (NU%)

110 IF LEN(ROE$)=90 THEN ROE=42.4 ELSE ROE$=YAL (ROES$)

120 PRINT :PRINT :FRINT "Enter the system characteristics or press RETURN for th

e default values:t":FRINT

130 HO$="":HF$="":HFC$="": INFUT "Vertical distance +rom RFD to receiver tank, HD

=23 ft ==>",HO$:INFUT "Hzight of fluid in feed tank from RFD, HF=8 ft ==3>" HF$
: INPUT "Height of pumping chamber, HPC={ ft =»" ,HPCS

140 HR$="":DLE="";DFCE="": INPUT "Vertical dxstance fluid is pumped, HR=135 ft ==
»* HR$: INPUT “"Diameter of output line, DL=0.018 ft ==3",DL$:INPUT "Diameter of
pumping chamber, DPC=0.33 $t ==3",DFPC#

150 LOF="":LR&=""1ARE=""3INPUT “Length of hor1znntal line, LO=10 $t ==>",L0¢%:1IN

PUT "Length of horizontal line, LR=10 ft =" ,LR$: INPUT "Area ratio for the dif

fuser, AR=2.5 ==;",AR$

160 IF LEN(HO%)=0 THEN HO=23! ELSE HO =VAL(HO%)

170 IF LEN(HF$)=0 THEN HF=8' ELSE HF=VAL(HF$)

180 IF LEN(HPC$)=0 THEN HPC=1! ELSE HPC=VAL(HPLC$)

190 IF LEN(HR$)=0 THEN HR=15' ELSE HR=VAL (HR$)

200 IF LEN(DL#)=0 THEN DL=.018 ELSE DL=VAL(DL%)

210 IF LEN(DPC$)=0 THEN DPC=,33 ELSE DPC=VAL(DPC$)

220 IF LEN(LD#%)=0 THEN LOD=10! ELSE LO=VAL(LOS$)

230 IF LEN(LR$)=0 THEN LR=10! ELSE LR=VAL(LR$)

240 IF LEN(AR$)=0 THEN AR=2.S5 ELSE AR=VAL (ARS$)

250 PRINT:FRINT:FRINT "Enter the loss coefficients :":PRINT

260 CP¥="":CDRF$=""3 INPUT "Pressure recovery coefficient of the diffuser, CP=0.6
==>",CP$: INPUT "Discharge coefficient for losses during refill, CDRF=0.7 ==>",C

DRF ¥

270 K$="":E$="":1CD$="":INPUT "Discharge coefficient for nozzle, CD=0.95 ==>",CDs
: INFUT "Total minor losses coefficient- elbow, valves, etc., K=3.0 ==>" K$:INPUT
"Roughness factor in friction factor equation, E=0 ==>",E$

280 IF LEN(CP#)=0 THEN CP=.6 ELSE CP=VAL(CP$)

290 IF LEN(CDRF$%)=0 THEN CDRF=.7 ELSE CDRF=VAL(CDRF%)

300 IF LEN(K$)=0 THEN K=3! ELSE K=VAL(K$)

310 IF LEN(E#)=0 THEN E=0! ELSE E=VAL(ES$)

320 CLS:NME$="":DESC#="":INPUT “"Do you wish to save the input data (Y or N}";ANS

Wé:IF ANSWS="y" DR ANSW$="Y" THEN GOSUEB 1070

330 IF LEN(DESC#$)=0 THEN DESC$="NONE"

740 IF LEN(NME$)=0 THEN NME$="NONE"

Exhibit B.1. BASIC program used to calculate the average flow rate delivered to a receiver tank for a
specific input pressure and output line diameter.
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390 CLS:LOCATE 10,Z0:COLOR 23:PRINT "Processing.e..ves«.."tLFRINT :LFRINT "Progr

am ; FIXED":LPRINT"Data-Set Description : “;DESC#$:LPRINT "Data file name : "jMNME
FILPRINT "Date : ";DATE$;TAB(BO);"TIME ¢ ";TIME$:COLOR 7
260 LPRINT "=====z-zz=c==sc=cr-ss TS CSE=SS=-SSSSrSSSoST=SSSS=SSSSS=SSSSS=SSssTssTos

zzzzzz==zssss=zs=zszszzz=z=";LPRINT TAB(40);"Input Data "

370 IF LEN(CD$)=0 THEN CD=.95 ELSE CD=VAL(CDF]

380 LFRINT " HO(ft) HF(ft) HR(ft) LO(Ft) LR(Ft) HPC(4t) DFC(ft) CP CDRF DL(ft)
k E(ft) CD AR"

390 LPRINT ¥ =mcooe cemome oo cmcmmm mmmn oo e men —eee meeee

400 LPRINT USING " ##.#4 “";HO;HF:HR;LOsLRsHPC3DPCiCFy

410 LPRINT USING “#.### ";CDRF;DL;

420 LFPRINT USING “"##.4 “;K;

470 LFRINT USING ", ##4#4";E:

440 LFRINT USING " ##.4#4";CD;

S0 LPRINT USING * ##.4# ";AR

d41) LPRINT R s T L R I R R P e P P P Y ]
Z===zssco=zoss====cszo===c==="2 | FRINT

470 LPRINT"Detinition of input terms :";TAB(&0);"Definition of output terms :":L
FRINT " AR - Diffuser area ratig";TAB(&0)3" AT - Diffuser throat area":LPRINT" C
D - Nozzle discharge coefficient”;TAB(60) ;" DT - Diffuser throat diameter”

480 LPRINT " CDRF - Refill discharge coefficient";TAB(40);" DTP - Pumping time":
LPRINT " CF - Diffuser pressure recovery coefficient”;TAB(60);" DTRF - Ref1ll ti
me"sLPRINT " DL - Output line diameter";TAB(60);" PI - Motivation pressure"

490 LPRINT " BFC - Diameter of pumping chamber®;TAB(60);" QI - Flow rate from no
zzle":LFRINT " HF -~ Height of fluid in feed tank";TAB(60);" BD - Flow rate leavi
ng diffuser"

S00 LPRINT * HD - Vertical distance between RFD and receiver";TAB(40);" BRA - Av
arage flow rate to receiver":LPRINT " HFC - Height of pumping chamber®;TAB(AQ)3"
RE - Reynolds number"

510 LFRINT " HR - Vertical distance above feed tank"3;TAB(&0);" SPLIT - Percentag
e of pump chamber transferred":LPRINT " LO - Total horizontal distance to receiv
er from RFD";TAB(&D) ;" VL - Fallback volume"
520 LFRINT " LR - Horizontal distance to receiver ahove feed tank®;TAB(&0O);" VFL
- Yolume of pumping chamber"”
530 6=32.2:6C=32.2
940 APL=3,14%DPC*DFC/4
530 VYPC=AFCH*HFC
560 AL=(3.14%DL"2)/4
970 VL=AL* (HR+LR}
580 FI=1%
590 VPCGE=VPC*7.4B:LPRINT:LPRINT USING "VPC(gal) = ###, 444" ;VPCB
400 LPRINT
610 LPRINT USING "PI(psig) = ##. "3PI

620 LPRINT " AT(sqft} DT¢in) Q@RA{(gpm) @1 (gpm) @0(gpm) VYL(gal} DTP(sec) D
TRF{sec) RE SPLIT(A) "
620 LPRINT "  sm-memcee mmmmme memmmecme eemmecml emmmmme e meememe - -

640 AT=,0001
&S50 DT=SER(4*AT/Z.14)
660 DTI=DT*12

Exhibit B.1. (Continued)
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470 DTRF=(APC/ (AT*CDRF)) % (SQR(2#HF/B) -SQR(2* (HF-KPC)/B))

80 QI=CD*AT*SQR((24GC*144%P]/ROE)-2%GxHF+G*HFL)

690 00G=0:F=0

700 LOSS=(F%(HD+LO)/DL+K)/AL"2

710 QD=S@R(((2*GC*144%PI/ROE)-2%G*H0)/ (((1-CP)/AT~2)+L0OSS))

720 VEL=80/AL

730 RE=VEL*DL/NU

740 FG=.02

780 F=(-2%,4343%L0G(E/(DL#3.7)42.51/ (RE¥SOR(FG))))~(-2)

760 ERF=(F-FG)/F

770 IF ABS(ERF)<.N1 GOTO 800 ELSE GOTO 780

780, FG=F

79076070 750

800 ER={00-00G) /B0

g1o IF ABS(ER)<.0! GOTOD 840 ELSE GOTO B20

820 20G=00

820 GDTO 700

240 DTP=VPC/DI

250 ORA=(DO*DTP-VL)/(DTF+DTRF)

860 @L=VFC-00O+DTF

B70 SPLIT=GO0*DTP*100/VPC

gBo VLI=VL#*7,48

890 C=60%7.48

900G BRA=QRA*LC

10 QI=0l+C

920 (0=Q0#%C

30 IF QRA<O BOTO 940  ELSE GDTO 950

940 GRA=0

950 LPRINT USING " H#4, 884488 ": AT,

960 LPRINT USING “"#.#%% ";DTI;

970 LPRINT USING " #&4.8#44 ";0ORA;01;00;VLI;

920 LPRINT USING " ###.% “sDTPiDTRF;

990 LPRINT USING " H#H##484. ";RE;

1000 LPRINT USING " ##¥.% "iSPLIT

1010 IF @RA=0 GOTOD 1040 ELSE BOTO 10290

1020 AT=AT+,0001

1020 BOTO 650

1040 PI=PI+5

1050 IF PI<52 GOTOD 600 ELSE GOTO 1040

1040 CLS:WIDTH "LFT1:",B0:LPRINT CHR#(1B);CHR£(27)+"0":KEY ON:STOP

1070 PRINT :PRINT "Files on default drive t":PRINT :FILES

1080 FRINT:INPUT "Enter filename for data storage :";NME$:PRINT "NOTE : Any exis
ting data in "§NME#;" will be lost":PRINT "Da you wish to continue (Y or N)":INFP
UT ANSWSE:IF ANSUWE="y" (R ANSW$="Y" THEN OFEN NME$ FOR OUTPUT AS #1:60T0 1100
1090 60TO 1080

1100 DESC#$="":INPUT "Enter run descraiption : ";DESC$:PRINT #1,DESCS$:PRINT #1 ,NU
JROE:PRINT #1,HD,HF HFC,HE,DL,DPC,LO,LR,AR:FRINT #1,CP,CDRF,K,E,CD

1110 CLGSE #1:RETURN

1120 CLS: INPUT "Enter data file name for input : "“;NME$:0PEN NME$ FOR INPUT AS #
1

1120 INPUT #1,DESC#: INPUT #1,NU,ROE: INPUT #1,HO,HF,HPC,HR,DL,DPC,LO,LR,AR:z INPUT
#1,CP,CDRF,K,E,CD

1140 CLOSE #1:RETURN

Exhibit B.1. (Continued)
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Program ¢ FIXED

Data-Set Description : AFPENDIX E

Data file name : PUMPZ.DAT

Date + 12-15-198¢ TIME ¢ 10:07:51

. D ra—

Input Data
HDUFE) WELFEY HRGFEY LOUFE) LR(FEY HPCUFL) DPC(fE) CP CDRF OLUY) K EMtY CD AR

2300 B.OD 15,00 10,00 10,60 1,00 0.,3% 0.0 0,700 0,018 3.0 00000 0,930 2.3

Definition of input terms : Defimtion of output terms :

AR - Diffuser area ratio AT - Diffuser throat area

CD - Nozzle discharge coefficient DY - Diffuser throat diameter

CORF - Refill discharge coefficient DP - Fumping tiee

CF - Diffuser pressure recovery coefficient DTRF - Refill tioe

DL - Qutput line diameter FI - Motivation pressure

DPC - Draneter of pumping chasher 1 - Flow rate from npzzle

HF - Height of fluid 10 feed tank 00 - Flow rate leaving diffuser

HD - Vertical distance between RFD and receiver BRA - Average flow rate to receiver
HPC - Height of pumping charber RE - Reynolds nusber

HR - Vertical distance above feed tank SPLIT - Percentage of puap chamber transferred
L0 - Total horizontal distance to recerver from RFD W - Fallback voluss

LR - Horizontal distance to receaver above feed tank VT - Volune of pumping chamber

VFCigal} = 0.639

Plipsig) = 15
AT(sgit) DT(in) ORA(gpm) Qligpal QO(gpm) Vi(gal) DTP(sec) DTRF(secd) RE  SPLITYL)

000010 0,135 0.066 782 0370 0048 205 S 818 2.8
0.00020 0,192 0.031 3965 0,376 0.048 108 27.B I 10.6
06007 0,235 0000 5.M3 0377 0048 7.2 1BS 5y B

Fl{psig) = 20
Alisgit) DT(1n) GRAfgpm) @Ql(gpm) O0(gpm) Vi(gal) DIP(sec) DTRF(sec) RE  SPLIT(Y

0.00010 0135 0.09% 2127 0549 0.048  1B.0 556 Betl 5.8
0.00020 0.192 0.059 4254 059 0.8 9.0 2B B8l7  13.1
0.00030 0,235 0.021 6,382 0,561 0.0 6.0 18,3 B84 8.8
0.00040 0,271 0000 8509 052  0.048 4.5 13.9 B8 b6

Pltps1g) = 23
AT(sqft) DT{in) GRA(gpm) QI{gpn) EO(gpm) VL{gal) DTF(sec) DTRF(sec) RE  SFLIT(R)

0.00010 0.135  0.113 2.424 0.691 0.098 13.8 b 10903 8.5
0.00020 0,192 0,07 4,848 0704  0.048 7.9 2.8 HI07T 145
000020 0.235 0,037 T2 0707 0048 5.2 18.5 11146 8.7
0.00040 0,271 0.000 9.5 0.708 0,048 4.0 1%.9 11160 1.3

Exhibit B.2. Output from program given in Exhibit B.1.
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fT(sgft} DTGin) ORA(gpm»  QItgpm) O0{gpa) ViL{pal) DVF(sec) DTRF(sec) RE  SPLIT{A)
0,00010 0,135 0,125 Z.088  0.B12 0,048 14,3 55.6 12020 30.2 -
0.000:0 0,192 0,088 237 0.829 0.048 1.1 27.8 13068 15.4
0,00010 0,235 0.047 B.0s%  0.832  0.04B 4.B 18,5 116 10,7
0,00080 0,271 0,007 10.792 0.832 0.14B b 1%,% 13422 1.7
$,00050 0,207 0,000 13,444 0,63 0,048 2.9 1.1 17144 6.2
Exhibit B.2. (Continued)
ORNL DWG 86 11844
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Fig. B.1. Variation of Q,, with 4, with constant outpat line area of 0.0001 f¢*.

Another way of viewing the reason for the decrease in average output flow with
increasing throat area, is that as the throat area is increased, the smaller output line
imparts a larger load resistance on the output of the RFD. Thus, for a larger input flow,
that fraction of fluid leaving the RFD compared to that quantity of fluid entering the
RFD decreases. As discussed by Smith and Counce,! a larger load resistance on the RFD
results in a decrease in normalized flow (output to input) leaving the RFD.

This analysis indicates that this design technique is desirable in situations where the
volume of fluid in the output line is very important and where a fluidic pump is being
retrofitted into an existing piping system.
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Fig. B.2. Variation of (r, with 4, with constant output line area of 0.0002 f¢3,
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