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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
inherent in fluidic pumping systems using a reverse flow diverter (RFD). The RFD shown
schematically in Fig. 1 has therefore been studied both analytically and c:xperimentally.1‘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 to 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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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 ’

t + At
= p
Vo fz ot (1)

or assuming steady flow
Vo= Q.At, . ‘ , (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 be refilled
during each pumping portion of the cycle. Thus, the volume of fluid delivered to the
receiver tank, V..., is given by:

Viee=V,— ¥ , (3

where V; is the volume of both vertical and horizontal components of the output line above
the feed tank. '1



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

Vo—V:

T (4)
Alp + Atrf

Qra =

As previously stated, it is assumed that 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, k. 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
cqual to the impressed hydrostatic pressure of the feed tank,

Py = pghy . (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 = C4d;~2(Pi+ pgh —P)fp : )]

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:

dv
pe 4 dh ®)

Q= dt i TR

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:

CdAt At _ {0 dh . (9)
Ape Jo dt ];,pc V2 (P + pgh — P)/p

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

P—-P, P — P,
+h, — Y——
rg [7:4

(10)

A
At, = \2/g Cd";
: 1

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, A,./2. Thus, Eq. (7) becomes:

Q; = Cyd; \/2 [P; + (pghpc/2) —PY/p ) (11)
and is time invariant. With this constant value of @;, continuity becomes:

0= — Ve _ Vi _ Aphine (12)
' ds At At ’ '

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



5 (13)

K
+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:

pghs = pgh + 17209} . (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:

Qrf = Atvt = CdrfAt '\lzg(hf - h) s (15)

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

O = =3, = A g, (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:

(17)

Cdfia.f‘“rf hpe
" Ape f ,/2g(h,~h



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

A pc
CdrfAt

18
At,f=\/_27§ [\/h—f_\/hf’”hpc] . ‘ e

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 pgh,/2. Thus, Eq. (15) becomes:

Ot = CareAc 2 8(As— Ry /2) (19)
while Eq. (16) becomes:

_ Ve _ Apchpe (20)
Ot Aty Aty

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

@1

A
Mty =g e
T

hPC
zw/hf—hpc/z] '

The approximate solution yields very accurate results when hg is considerably greater than
hoe. As hy approaches hy, 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, the 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:

A

pe (22)
CdAt

hpc
P;— P,

Aty = Vo2

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 rate to the receiver tank. It is appropriate now to deter-
mine the RFD output volume of fluid during 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= Q,At, . | , (23)

A mathematical model of the output flow rate of the RFD has been presented in pre-
vious papers 2~ and may be stated as:

__ M TR | | (24)
o= \/-l——_—a; 2(P1 Po)/ﬂ )



12

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 Eqgs. (24) and (22) into Eq. (23) yields, after algebraic manipulation:

Ach P,—P
V, = b S (25)

\/1~—Cp Pi— Py

or

‘ / 1 - PDR
Vo = Apchpc *‘r_‘a , (26)

where PDR is the pressure difference ratio and is defined as:

Py— P, (27)

DR = ot
d P~ P,

Theory and data previously reported 27 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,
Ay, times its length. Its length is the sum of both horizontal length components, L,, and
vertical components, 4. Thus,

Ve=Alh, + 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 schematic 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 A4, 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,/4,, divergence angle, 26, and
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the slenderness Ly/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.c., 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)A4; . (29)
The volume of the output line above the feed tank is therefore:
V.= (AR)A(h, + L,) . (30)

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

- ‘/ 1 — PDR -
A Apch qr::e;‘ - (AR)(hr+Lr)At2

Qraz — )
V2hi/g Ap Ao L] ~\/ 1=k, (31)
2Ca/P, - L+ h /2 Cart
where
— h (32
hoo=— )
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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 4;,. Equating this derivative to zero and solv-
ing the resulting equation for A to yield the optimum throat area, (A¢)op:

Ak N
e pe | = PDR (34)

(Ado = 304R)h, + L, 1—C,

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.

ORNI.—-DWG 86—11848
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Fig. 7. Variation of average flow to receiver as a function of RFD minimum area.
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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+ L,
D,

Q% (35)

P,=pgh, + BT PET
o ™ P8, ZAtZ(AR)Z

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;
A, Ar, Py, Py, PDR, Qo, Qra, Vo, Vi, Atp, 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 /B8R /2;
length, area, and volume with respect to kg, Ap, and heAp, 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 e
A = . —— y 36
o =a2ar)E, + L) JT- G, oo
_ QA1 ,— A (ARXL ,+ h )2
Q=—t 0 0T (37)
Alp+A! !
0.=4 P = P, (38)
° t 1-C,
_ ho + L, 0
P,=h,+ ° = e 39
) [ f Do A(Z(AR)Z ( )
_ h
A, = = . (40)

2C44 VP — 1 + F 2
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and

_ 1= V1—
Atﬂ’— CdrfAt

(41)

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, Q.,, 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 throeat areas and pumping pressures enables the design engineer to select an appropri-
ate combination of these two parameters that will result in a 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
system 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 the system’s performance,
although A, and P; seem to be the most logical choices. Although 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 Egs. (24) and (35). Combining these two equations for
the purpose of eliminating P, yields the instantancous output flow as a function of the
pumping pressure and throat area as:

B 2(P; — pghy)/p
= o Jhetl) g “

P (4RYD, | (AR)

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

Qra = e ’ (43)
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where @ 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 Reynolds
number of the output line is calculated, and a friction factor is determined. A new or an
updated output 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 determined from the Moody chart. For computer purposes, it is more con-
venient to use the interpolation formula by C. F. Colebrook,®

1 od 251 | (44)

if the flow is turbulent (i.e., Re > 4,000).
For the turbulent flow regime, a simpler equation may be used if the pipe is con-
sidered smooth. This equation is given as:

_ 03164 (45)

s Rel/t 7

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:

P (46)

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 volume. This pressure is used to drive the fluid into the fixed diam-
eter output line to the receiver 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 engineer 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 technique 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 ocutput diameter of 1/2 (i.e., Dy/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

hy+ L,

pQ3 (47)
f Dy .

242

P,=pgh,+

ORNL-DWG 86-11842
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Combining Eq. (47) with Eq. (24) yields:

0. - ‘/ 2P, — pgho)lp | | )
1 =Cp  Slhot L)/ Dy +K

A? Al

For all parameters on the right-hand side 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 A, 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 made at this time. The minor loss terms in Eqs. (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 diffuser
cross-sectional area of the pumping chamber during refill
cross-sectional area of the output line from the RFD
area ratio for the diffuser, 4,/A4,

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 flow 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

Ib,,

lbf"'S

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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h, net vertical distance through which the fluid is pumped
K total minor loss coefficients to account for elbows, valves, etc.

Ly length of tappered portion of the diffuser

L, horizontal distance through which fluid is pumped, excluding those horizontal runs
below the level in the feed tank
L, horizontal distance through which fluid is pumped, including the horizontal runs
below the feed tank level
. Py— P,
PDR  pressure difference ratio
Pi—Py
P static air pressure applied at the top of the pumping chamber

P, pressure at the output of the RFD

P, static pressure in the throat of the RFD at the exit of the nozzle
O; volumetric flow rate through the nozzle

Q, output volumetric flow of fluid leaving the diffuser during pumping
Ora average flow rate to the receiver tank

On volumetric flow rate to pumping chamber during refill

Re Reynolds number

t time

V, output volume of fluid leaving the diffuser during pumping

Vo volume of the pumping chamber

V. volume of the output line above the feed tank

Ve  volume of fluid delivered to the receiver tank
V. fluid velocity in the throat of the RFD

bar over symbol indicates normalized quantities

€ roughness factor in friction factor equation
6 half the divergence angle of the diffuser

i) density

At length of time for pumping cycle

Aty length of time for the pumping chamber to refill

m 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.l.

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 from 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.

27



28

ORNL-DWG 8611846

Hala®
L\

‘—-——Dpc L anm

7

hpe

4

i
h¢=8
ho"_‘23
Ly =10
Lo= 10

hpc=1
Dpc=033

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, A4,, is listed in Exhi-
bit A.1. Relating the variables and constants used in the program to those used in the text

yields:

AL = A,
A0 = A,
APC = Ay
AR = AR
AT = A,
CD = (4
CDRF = Cdrf
Cr =C,
DO = D,
DL = Dy
DPC = Dy

DT = D,

DTP = AT,
DTRF = ATy
E = ¢
F=f
G=g

GC = g
HF = hf
HO = h,
HPC = hy
HR = h,
K=K

LO = L,

LR =L,
NU = u
PI = Pi
QI = @
Q0 = Q,
QRA = Qra
RE = Re
ROE = p
VL =V,
VPC = Vi
VEL =V,
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10 REM FROGRAM NAME : VARIABLE

20 REM DATE : SEPTEMBER 11, 198¢

20 REM VARIABLE DUTPUT LINE DIAMETER, 6. V. SMITH, B, E. LEWIS

40 REM APPENDIX A

50 WIDTH "LPT1:",132:KEY OFF

40 LPRINT CHR${(Z7)+CHRE(L1T) jCHRF(LIZ) sCHRE(Z7) + " N"+LHRE(2)

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

outlet line diameter":PRINT

B0 PRINT "Do vou wish to enter data from the keyboard or a data file (¥ or F)":I

NPUT ANSWE:IF ANSWE="F" OR ANSW#="{" THEN GOSUB 1120:G07T0 230

90 CLS:NU$="":ROE$=""1PRINT "Enter +luid charateristics or press RETURN for defa

ult values: " INFUT "Viscosity, NU=0.00001 1b/ft- ==3" NU§: INPUT “Density, ROE=
A Ib/FEN3 ==2" ADE4

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

110 IF LEN(ROE$)=0 THEN RDE=42.4 ELSE ROE$=VAL (RDE%)

120 PRINT fFRINT "Enter system characteristics or press RETURN for defaulf value

51 ;

130 HO$="":HF$=""sHPC$="": [NPUT "Vertical distance from RFD to receiver tank, HOD

=23 ft  ==:" HO$: INFUT "Height of fluid in feed tank from RFD, HF=B {t ==>",HF$
s INFUT "Height of pumping chamber, HPC=1 4t ==>" HPCH%

140 HRE=""DPCE=""; INPUT "Vertical distance above feed tank, HR=15 £t ==}" HR%$:
INPUT "Diameter of pumping chamber, DPC=0.33 ft ==>",DPC#

150 LOg=""yLRE=""1AR$=""+ INPUT "Total length of heorizontal line, LO=10 ft ==:",
LO%: INFUT “"Length of horizontal line above feed tank, LR=10 ft ==3" LR&:INFPUT *
firea ratio for the diffuser, AR=Z.3 ==:",AR¥

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

170 IF LEN{HF%i=0 THEN HF=8! ELSE HF=VAL (HF%)

190 IF LENCHPC#)=0 THEM HPC=1'! ELSE HPC=VAL{HFC#)

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

200 IF LEN(DBPC#)=0 THEN DPC=,33 ELSE DFC=VAL(DPCH)

219 IF LEN(LO£)=0 THEW LO=10! ELSE LO=VAL(LO#

220 IF LEN(LR$!=0 THEN LR=10! ELSE LR=VAL{LR%}

270 IF LEM{AR$)=0 THEN AR=2.5 ELSE AR=VAL{ARH)

Z4¢ PRINT:PRINT "Enter the loss coefficients "

250 CP$="":CDRF$="": INPUT "Fressure recovery coefficient of the diffuser, CF=0.6
==3" CP#; INPUT "Discharge coefficient 4or losses during refill, CDRF=0.7 ==3",

DRF$

260 KE="UiE4=":CDs="" INPUT "Discharge coeftficient for npzzle, CD=0.93 ==>",003

« INPUT "Total minor losses cosfficient-elbow, valves, etc., K=3.0 ==:",K$1IHFUT
“Roughness factor in friction factor eguation, E=0  ==3:" K%

270 IF LEN(CP#i=0 THEN CP=.4 ELSE CP=VAL{CF$}

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

290 IF LEN{Ef)=0 THEN E=3! ELSE K=VAL(K$)

00 IF LEN(EF$)=0 THEN E=0! ELSE E=VAL{E¥)

10 IF LEN{CD$#)=0 THEMN CD=.93 ELSE CD=VAL{CD¥}

I20 CLG:NME$="":DESC¥="":INPUT "Dp vou wish to save the input data (¥ or N)";ANS

WE; IF ANSWE="y" OR ANGW#="Y" THEN GOSUB 1070

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

340 IF LEN(MME$)=0 THEN NMEZ="NONE"

I50 CLE:LOCATE 10, Z0:COLOR 23:PRINT “"Processing....... sLFRINT :LPRINT "Program
VARTABLEY;LFRINT "Data-Set Description @ ";DESCH:LPRINT "Data file name : ";NHM

E£: LPRINT "Date : ";DATE#;TAB(A71;" Time 3 “:TIHE$.EBLDR 7

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.



====z==z========"; | PRINT TAB(40);"Input data "

370 LFRINT ® HO(FE) HF(ft) HROFt) LOCFL) LR(Ft) HFC(ft) DFC(+#t) CP CDRF AR K
Ch ECfE) "

380 LPRINT  mommm= mmmmms mmmso mmoo e e e e e e e
190 LPRINT USING * ##.##% ";HO;HF;HR;LO;LR;HPC;DFC; CF;

400 LPRINT USING "#.4% “;CDRF;AR;K;

410 LPRINT UGSING "#.8% ";CD;

420 LPRINT USING ".####4"E

4720 LFRINT VY===zzzcooocosrooorar o oS oos oo oSS ST oo NS SN C S SO R RS SRS S S SISO oSS SE S DRD

44 LFRINT "Definition of input terms :";TAB(&0);"Dedinition of output terms :":
LERINT " AR ~ Ditfuser area ratio";TAB(AD) ;" AT - Diffuser throat area":LPRINT®
Ch - Nozzle discharge coefficient";TAB(AOY¢" DO -~ Output line diameter”

450 LPRINT" CDRF - Refill discharge coefficient";TAB(&0);" DT - Diftuser throat

diameter”:LPRINT" CF - Diffuser pressure recovery coefficient";TAE(L0) ;" DTP - P
umping time":LPRINT" DFC - Diameter of pumping chamber";TAB(&60) ;" DTRF - Refill

time"

450 LPRINT" HF - Height of fluid in feed tank"3;TAB(40)};" PI - Motivation pressu
re"

470 LPRINT" HO - Vertical distance between RFD and receiver";TAB{(&0);" BI - Flow
rate from nozzle":LFRINT" HFC - Height of pumping chamber";TAB(&G);" Q0 - Flow
rate leaving diffuser"”

480 LPRINT" HR - Vertical distance above feed tank";TRB(&0) ;" HRA - Average flow
rate to receliver":LFRINTY L0 - Total horizontal distance to receiver from RFD"y
TABE(S0) 3" RE ~ Reynolds number":LPRINT" LR - Horizontal distance to receiver abo
ve feed tank";

490 LPRINT TAR(A0)¢" SPLIT - Fercentage of pump chamber transferred":LFRINT TAB(
003" VL - Fallback volume":LFRINT TAB(&GY;" VFC - Yolume of pumping chamber®
500 F=32.2:6C0=3Z.%

310 AFC=3.14+DPC*DFC/4

920 F=0

530 VPL=4PCaHFC:VPCG=VPL*7,48:LPRINT USING "VPC{gal) = H&.448% ";VPCE

340 PI=15

550 LPRINT

560 LPFRINT USING "Fl{psig) = ## ";FI

370 LFRINT " AT(sgft) DT(in} GRA(gpm! B1(gpm} B0 {gpm!} Yi.igal} DTPisec) D
TRF (sec) RE SPLIT(AY  DOCIWY "

SBO LPRINT " w---momm mmmmom mmmmmmmmm mmmmmmns oo s mmmmm e -
390 AT=.0001

Q0 DT=5HR(4#AT/3.14)

10 VL=ARSAT* (HR+LR)

£20 DTI=DT*1Z

A30 DTRF=(AFC/{AT*CDRF)} )X (BOR(Z2*HF/G)-5QR (2% (HF-HFL}/B)}

H40 DI=CD*AT*EOAR((Z*#GC*1444FI/ROE) -2%4G*HF +GRHPL)

650 AG=AR*AT

A40 DO=DT#SGR (AR

£70 BOG=0:1F=0

H80 LOSS=(F*{HO+LO) /DO+E) /AR™Z

Exhibit A.1. (Continued)
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90 GO0=AT*SHR(((2%GC*144%F1/ROE)-2#6%H0O) / (1-CP+LOSS))

700 YO=00/480

710 RE=Y0%DO/NU

720 FG=,02

FI0 F={-2% 4343 L0B(E/{DO#3, 7142, 531/ (RE4SOR(FEN I~ (-2)

740 ERF=(F-FB}/F

75¢ IF ABS{ERF)<.01 GOTO 780 ELSE GOTO 760

740 FG=F

770 6OTO 7io

780 ER=(R0-RO0B) /G0

790 IF ABS(ER)<.01 BOTO BZ0 ELSE 60OTO BOO

200 Q0G=R0 : ,

210 &0TO &80

820 DTP=sVFPL/OI

830 URA=(QO#DTP-VLI/(DTP+DTRF)

240 BL=YPL-DO*DTF

850 NoI=gpoxi2

Ba0 SPLIT=00%DTP$10G0/VPC

B70 C=40%7,48

BRBO GRA=URAXC

90 RI=RIxC

ge0 a0=@0+C

910 YLI=VL*7.48

920 IF QRALO BOTO 930 ELSE GOTO 240

930 BRA=O

940 LPRINT UGING ¥ #$#4#.4%##% "3 AT

G50 LPRINT USING "%, ##8% ";DTI,

940 LPRINT USING " ###. 444 “;0RA;BI;003VLI;

Q70 LFRINT USING * ###.3% "t DTF3DTRF;

980 LPRINT USING "H4##4#4, "3;RE;

990 LFRINT USING ™ ###.# "3GPLIT:

1000 LPRINT UBING © #, 444 2 p0fg

1010 1F @RA=0 GOTO 1040 ELEBE GOTO 1420

1020 AT=0T+. 0001

1030 GOTH &00

1040 PI=FI+3

1050 IF FI<S2 G0OTO 550 ELSE GOTOD 10460

1060 CLECWIDTH "LETL:" BO:LPRINT CHRE(LIE) ;CHRE(ZTI+"0"1EKEY ON:ETOP

1070 PRINT :PRINT "Files on detault drive :":PRINT :FILES

1680 PRINT :INFUT "Enter filename for data storage :"j;NME4:PRINT "NOTE : fAny exi
zting data in ":MME$;" will be lost":iPRINT “Do you wish to continue (Y or NI":IN
FUT ANSWE: IF ANSHE="y"® OR ANSWE="Y" THEN OPEN NMES FOR OUTPUT AS #1:5070 1100
1090 BOTO 108O

1100 DESC#="": INPUT "Enter run description : ";DESCH:PRINT #1,DESCHIFRINT #1,NU,
ROE:FRINT #1,HO,HF ,HFL,HR,DFC,LO, LR, AR:PRINT #1,CP,CORF, K,E,CD

1110 CLOSE #1:RETURN

1120 CLS: INPUT "Enter data file name for input":NME$:0OPEN NME$ FOR INFUT AE #1
1120 INPUT #:{,.DEGCE: INPUT #1 . NU,ROE: INFUT #1,HO,HF HFC,HR,DFC,LO,. LR AR INFUT #1,
CF,CDRF,K,E,CD

1140 CLOSE #1:RETURH

Exhibit A.1. (Continaed)
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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 ft?, 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 ft?, 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-Get Description : APPENDIY A

Data file name : PUMP.BAT ~

Date ¢ 12-15-1984 Tige 5 09:57:08

Input data
HD(FEY HFOFY) HR(FE) LOUFE) LR{FLY HPC(St) DPC(4t) CP CDRF AR K CD  E(fD)

23.00 8,00 15,00 10,00 10,00 1,00 033 0,60 0.7 2.3 3.0 0.95 . 00000

Definition of input terms : Definition of output terms :

AR - Diffuser area ratio AT - Diffuser throat area

£D - MNpzzle discharge coefficient B - Dutput line diaseter

[DRF - Refill discharge coeffirient BT - Diffuser throat diameter

LP - Biffuser pressure recovery coefficient BTP - Pumping time

pPC - Diameter of pusping chamber OTRF - Refill tise

HF - Height of fluid in feed fank Pl - Motivation pressure

HO - Yertical distance hetween RFD and receiver 81 - Flow rate from nozzle

HFC - Height of pumping chaaber @0 - Flow rate leaving diffuser

HR - Vertical distance above feed tank gRA - Average flow rate to receiver
L0 - Total horizontal distance to receiver from RFE BE - Reynolds number

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

YL - Fallback voluae
VPG - Yolume of pusping chamber

YPLigall = 0.63%

Plipsig} = 15
AT{zqft} DT{in)} BRA{gpa) BI(gpm) GO{gpm} V¥ligal) DTF(sec) DTRF{sec}  RE  OSPLIT(Y} ROILIN)
0,0000 0,133 0,043 1.782 0,362 0,047 21.5 a6 S7aR 20.3 4,214
0,0602 0.192 0108 3,563 0,309 4,093 10.8 27.8 10219 25.% 0,303
0.0003 0,235 0,104 5348 1,543 0,140 1.2 i85 14173 8.9 0,37
0.0004 0,271 0,043 7.127 2.237 9.147 3.4 13.9 17791 314 0.428
0.000% 0,303 0,000 £.908 2975 0,734 4.3 fi.1 21185 334 0.479

Exhibit A.2. Output from program given in Exhibit A.1.
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AT(sqft) DT(in) GRA(gpm} GI(gpm)  @0(gpm)  VL{gal) DTP(sec} DTRF({ser! RE
50001 00135 0,094 2,127 .537 0,047 18,4 53,6 8547
0.0002 0,192 0.17% 4,234 1.340 0.092 9.0 7.8 1504¢
0.0003 0,235 0,212 £.182 2.26% 0. 140 6.0 18.5 2083
0.0008 0,271 0,194 8.509 I.280 0.187 4.5 13.9 26084
0.0005 0,303 0,114 10,636 4,354 0,234 3.6 iha 10948
000606 0.332 0 0,000 12,743 5.477 0.281 3.0 9.3 153546

Fl(psig) = 25

ATl{snft} ODT{in)} 2RAigpm} GQI(gpm) EGO{gpm) VlLigal} DTF(sec) DIRF(sec} RE
60,0001 4,135 0,111 2,424 0,676 0,087 15.8 5.6 10738
G000z 0,192 0,216 4,848 1.682 .093 7.9 27.8 18920
0.0003 0,235 0.27% 7,172 2,840 0,140 5.3 18,5 24080
{1, 0004 . 280 3.56594 4,100 0,187 4,0 13.9 32606
01,4005 6,223 150120 5.436 0,234 3.2 1.1 386h8
0. 0006 kY. 00100 14,544 6.B3Z 0.281 2.4 9.3 44370
4.0007 0,358 0,000 14,948 B.282 0,327 2.3 7.9 49787

Exhibit A.2. (Continied)
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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 imposed ‘are presented in
Fig. B.1 and B.2 as plots of the average output flow rate vs the throat 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 ft?. 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 instantancous RFD output flow rate is found to remain
fairly constant, this results in a smaller volume of fluid leaving the RFD. Although the
refill time also decreased with increasing throat area, it is found 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, 1984

30 REM FIXED DUTPUT DIAMETER, 6. V. SMITH, B. E. LEWIS

40 REM AFPENDIX B

50 WIDTH "LPT1:",132:KEY OFF

0 LPRINT CHREF(27)4+CHR$ (IS} ;CHRE(L2) ;CHRE(Z7 I+ "N"+CHRE(Z)

70 CLS:PRINT "Pulsatile fluidic pump design program 3 FIXED":PRINT "Fixed outlet
line diameter":PRINT DATE$;TAB(&0);TIME$:PRINT

B0 PRINT "Do you wish to epter data from the keyboard or a data file (K or F)":l

NFUT ANSW#:IF ANSWE="F" OR ANSWE="+" THEN GOSUB 11Z20:G07T0 330

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

N for the default values:":FRINT :INFUT "Viscosity, HNU=0,00001 lb/ft-s ==:" NUf
:INPUT "Density, ROE=62.4 lb/+t*3 ==3>",ROE#

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

110 IF LEN(ROE$)=0 THEN ROE=4Z.4 ELSE ROE#=VAL (RGEH)

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

e default values:":FPRINT

130 HO$=""sHF$="":HFCE=""1INFUT "Vertical distance from RFD to receiver tank, HO

=23 ft  ==:" HOF:INFUT "Height of fluid in feed tank from RFD, HF=8 ft ==:",HFf
t INPUT "Height of pumping chamber, HPFC=1 ft ==>" HPC#

140 HRE="":10DLE=""1DPCE=""1INFUT "Vertical distance fluid is pumped, HR=15 ft ==
*" HR#: INFUT "Diamegter of output line, DL=0,018 §f ==3:",DL4$:INPUT "Diameter of
pumping chamber, DFL=0,33 ft ==:",DPCH%

150 LO$="":LR¥="":1ARF=""1INPUT "Length of horizontal line, LO=10 ¥t ==3",10%:IN
PUT "Length of horizontal line, LR=10 ft ==3",LR¥:INFUT "Area ratio for the dif
fuser, AR=2.5 ==:" AR$

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

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

180 IF LEN(HFC$)=0 THEN HFL=1! ELSE HFLC=VAL(HFCH)

170 IF LEN(HR#}=0 THEN HR=15! ELSE HR=VAL (HR$}

200 IF LEN(DL#1=0 THEN DL=.018 ELSE DL=VAL (DL#$}

210 IF LEN{DPC#)=0 THEN DFC=.33 ELSE DPC=VAL(DPCH#)

20 IF LEM(LO$)=0 THEN LO=10! ELSE LO=YAL(LO#)

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

240 IF LEN(AR#)=0 THEN AR=Z.5 ELSE AR=VAL (AR$}

250 FPHINT:FRINT:FRINT “Enter the loss coefficispts :":PRINT

260 CPe="" s CDRF#=""y INFUT "Pressure recovery coefficient of the diffuser, CP=0.4
==, CP$: INPUT "Discharge coefficient for losses during refill, CDRF=0.7 ==3",

DRF%

270 KF=""1Ed="":CDE=""1 INFUT "Discharge coefficient for nozzle, CD=0.95 ==>",CD4¢
P INFUT "Total minor losses coefficient-elbow, valves, etc., K=3.0 ==:",K$:1INPUT
"Houghness factor in friction factor eguation, E=0 ==3",E%

280 IF LEN(CP#)=0 THEN CP=,6 ELSE CF=VAL([F%)

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

00 IF LEN(K3)=0 THEN K=2Z! ELSE K=VAL (K$)}

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

20 CLS:NME$="":DESC$="":INPUT "Do vyou wish to save the input data (Y or NJ}";ANS
We:IF ANSWS="y" OR ANGWS="Y" THEN BOSUE 1070

F30 IF LEN{DESC#)=0 THEN DESC#="MNONE"

240 TF LEN(NMEZ)=0 THEN NHE$="NONE"

Exhibit B.1. BASIC program used to calculate the average flow rate delivered to a recejver tank for a
specific input pressure and output line diameter.
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350 CLS:LOCATE 10,30:COLOR 23:PRINT "Frocessingeses.oe... "$LFPRINT :LFRINT "Progr
T"Data~-Set Description ¢ ";DESC¥:LFRINT "Data file name ¢ "}NME

am :
$:LFP
I&0

370
ZB0O
K

470

me":
430

ng d

540

530
540
S50
S0
570
580
5940
H00
410
520
TRF (
630

FIXED":LPRIN
RINT "Date ¢

";DATES;TAR(HOI"TIME : ";TIME$:COLOR

-

H

LPRINT ":::::::::::::::::::::::::::z::::::::::::::::::::::z;::::::z:::::::::

IF LEN(CD#) =0

THEN CD=.%3 ELSE CD=VAL(CD#)

LFRINT " HO(FE} HF(§t) HROFE) LOGFE) LROFE) HPODOfE)

Eift) oo

AR"

prCift) CF

CDRF

DLift)

LPRINT " mmomom mmmmmm mommon mommoo oo el o oo e e

LPRINT USING
LPRINT USING
LPRINT USING

» LPRINT UEING
O LFRINT USING

LPRINT UGING

"R #E Y HOGHF HR3LOy LRy HFC; DPECR:
Y, #4484 "1 CORF; DL

"HELE O Uik

CLERERRTE,

okR. HEE" 0D

TOgE.## "34R

LPRINT "socoossrorrss oo r ooy s S S S S S S S S E S ESSCISS S SSTCNS SIS SSSSSSSEESSSS
LPRINT"Definition of input terms :";TAB(&0):"Definition of output terms z":L
FRINT " AR - Diffuser area ratio";TAB(&DY;" AT - Diffuser throat area":LPRINT® C
D - Mpzzle discharge coefficient®3TAB(A0) ;Y DT - Diffuser throat diameter”
480 LFRINT " CDRF ~ Refill discharge coefficient";TAR{&0};" DTF - Fumping time":
LPRINT " CF - Diffuser pressure recavery cpefficient";TAB(AG) ;" DTRF - Refill ti
LPRINT ® DL ~ QOutput line diameter”;TAB{(&0);" FI ~ Motivation pressure”
LPRINT " DFC - Diameter of pumping chamber";TAB{&0} " BI ~ Flow rate from no
zzle"sLFRINT " HF - Height of fluid in feed tank";TAB(ACG);" R0 - Flow rate leavi

itfuser”

LPRINT " HO - VYertical distance between RFD and receiver";TAE(&0);" BRA - Av
erage flow rate to receiver":LFRINT " HPC - Height of pumping chamber®";TAR{AG)Y "
RE - Reynolds number®
510G LPRINT " HR - Verfical distance above feed tank"i{TAB{&0)Y;" SFLIT - Fercentag
g of pump chamber transferred":LPRINT " LD - Total horizontal distance to receiv
gr from RFD"3;TAB{ACIy" YL - Fallback volume"
520 LPRINT " LR - Horizontal distance to receiver above feed tank";TAB(&0);" VFC
- Volume of pumping chamber”

G=33. 25 GL=32

.2

APL=3, 14#DFPC*DFL/4

YRC=APC*HFC

Al=(3.14%DL"2
YL=AL# {HR+LR}
PI=15
YPLE=VPC+7.48
LFRINT

LPRINT UEBINEG
LERINT ® a7
sgC) RE
LERINT * -~

AT=. 0001
DT=SUR(4%AT/3
RTI=DT#12

y /4

“FY{psig) = ##. ":PI
tsgft) DT(in) BRA(gpm)  QI{gpm) 8O
GRLIT(Z) "

14y

Exhibit B.1. (Continued)

tLPRINTSLPRINT USING "VPCigal) = H##.444";VPCE

Vi ({gall

DTFi{ssC)

b
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finy exis

(Y or N)Y":INF

#1,DEGCE:PRINT #1,NU

"sNHE$:OPEN NME$ FOR INPUT AS #

70 DTRF=(APC/ (AT*CDRF) ) % (SER(25HF/G) -SOR (2% (HF-HFC) /G
680 GI=CD*AT*SQR((Z2%GC¥144%FI/ROE) -Z2G¥HF+G#HPL)
£20 BOGB=0:F=0
700 LOSS=(F#{HC+L.0)/DL+K)saL"2
710 RAO=5QR{((2#5C*144%PI/ROE)-2#E*HO) / ({{1-CP)/AT~2)+L0OKS))
720 VEL=GO/AL
730 RE=VEL#DL/NU
740 F@=.02
750 F={-2%, 4343+ 0G(E/{(DL*3,7)+2.51/ (RE*SRR{FGI) )}~ (-2}
740 ERF={F-FG}/F
770 IF ABS(ERFI<.01 GOTO BOO ELSE GOTO 780
780G FG=F
790 G070 750
BOO ER={(GQO-E0G) /04
Bl IF ABS{ER}<.01 GOTO B840 ELSE GOTO 820
az0 B0G=00
830 GOTO 700
240 DTF=VFLC/RI
850 BRA={Q0*DTP-VL)/(DTF+LTRF)
860 QL=VPC-QO*DTF
g70 SPLIT=00*DTF*100/VFC
gg0 VLTI=WYL%7,48
B0 C=60%7.48
9400 ORA=ORAXC
210 D1=81+0
G20 g0=00+C
230 IF QRACO GOTO 940 ELSE GOTO 950
940 GRA=0
250 LPRINT USING " #H4.#8%8% "3 AT;
960 LPRINT USING “#.#8% ";D7T1;
270 LPRINT USING " ###, ##4 "{ORA;EI;H0;VLI;
FEG LPRINT USING " #4#.# "iDTFDTRF;
990 LPRINT USING " ###4##. "3;HE;
{ood LPRINT USING " ###%.% ";SPLIT
1010 IF BRA=O GOTO 1040 ELSE GOTD 1030
1020 AT=AT+, 0001
1020 BOTO A50
1040 PI=PI+5
10506 IF PI<52 GDTO 600 ELSE BOYO 106640
1060 CLS:WIDTH "LFTL:",BO:LPRINT CHR$CIB);CHRE(Z7)+"0"sKEY ON:ETOP
1070 FPRINT :PHINT "Files on default drive :":PRINT :FILES
1680 PRINT:INFUT "Enter filename for data storage :"j;NMES:PRINT "NOTE :
ting data in "jNMEF;" will be lost":FRINT "Do you wish to continue
UT AMSWH:IF ANSWE="y" OFR ANSHF="Y¥" THEN OFEN NME$# FOR DUTFUT AS #1:G07T0 1100
1090 507G 1080
1100 DESCE="":INPUT "Enter run description : ";DESCH:PRINT
;HOE:PRINT #1,H0,HF ,HFC,HR,DL,DPC,LO,LR,AR:PRINT #1,CP,CDRF,K,E,CD
1116 CLOSE #1:RETURN
1120 CLS: INFUT "Enter data file name for input
i
1120 INPUT #1,DESCH:INPUT #1,NU, ROE:INPUT #1,HO,HF,HPC,HR,DL,DPC,LO,LR,AR: INFUT
#1,CF,CORF,K,E,CD
1140 CLOSE #1:RETURN

Exhibit B.1. (Countinued)
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Program : FIXED

Data-Set Description 3 AFPENDIN B

Data file nape @ PUMP2.INMT

Bate 3 {2-15~19Bt TIHE ¢ 10:07:51

Input Data
HOFE) HFORLD HRUSEY LOCFED LROFEY WPLUFEY DPLFLI OF CDRF DLUFEY K - EHEY OB AR

JLo0 RODOIE00 10,00 19,00 L0003 0.60 0,700 0.018 3.0 00000 0,930 2430

Definition of inpuf ferms : Definition of oubput teras :

AR - Diffuser area ratio AT ~ Diffuser throat area

CD - Nozzle discharge coefficient 0T - Diffuser throat diameter

CORF - Refill discharge coefficient §1F - Fumping time

[P - Dif4user pressure recovery cosféicient OTRF - Refill time

I - Qutput line dianeter F1 - Motivation pressure

BFL - Diaseter of pumping chasber B - Flow rate fros nozzle

HF ~ Height of fluid in feed fank 8 - Flow rate leaving diffuser

HE - Yertical distance hetween RFD and receiver BRA - Averape flow rate to receiver
BT - Height of pusping chasber BE - feynolds nusher

Hf - Vertical distance above feed tank SPLIT ~ Fercentage of pusp chasber transterred
L0 ~ Total horizontal distance to receiver from RFD WL - Faliback voluse ‘

R - Horizontal distance to receiver above feed tank YPL - Volume of punping chasber

1}

WL igal) 0,578

Flipsigt = G ;
ATtsnfty DT4in) GRA{opmd  Oligpmd  Bligomd Wiigal) DTP{esc) DTRFisect RE  SPLIT{R

000010 0135 0,046 L2 637 048 LS Wk WE AR
00020 0,192 003 LI 036 4B 108 708 W2k
0.00030 0233 Q000 5345 0377 0.4B 7.2 8.5 i L S

Flipsig) = 20
ATisgft) DTlin}! GRAlgpm!  Oligpm!  OO(gpmd Wiigal) DTP(sec) DTRF(sec) BE  GRLITIN

500010 G135 609 A1ZT 0 054 0.048 18,0 5.6 Bkl .8
000020 0132 0,089 .24 0.5 B %6 7.8 BBy 13

000070 0,2% 0,021 £382 0,561 048 60 18,5 BR4k 8.8
0.00040 0,271 0000 B9 052 0048 45 L9 8es7 b.b
[ipsigl = &5

ATisqft) DT(in) GRAigpm}  Oligps) EDigpmy Vfgal) DTF(eec) DTRF(sec) FE  SPLITIW

G.00010 G135 617 4l o.M 042 158 e 090: .S
0.00020 0,192 0,074 4,868 074 0048 79 27.8 11107 14.S
000030 0.2% 008 272 0T 008 G2 18,3 11146 5.7

500040 0.271 G000 9.9 LR 008 4.0 1.9 1ile0 1.3

Exhibit B.2. OQutput from pregram given in Exhibit B.1.
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Flipsig = 30
AT(cgft) DTlin} GRA{gpes  Bligpm  BOigpmd ViL(gal) Dif{sec) DTRF{sec) RE  SFLIT{A
0.00010 0135 0,125 ZéBE 0BT 0048 143 5.6 12820 0.2
000020 0,192 0B 8377 0By 0B T a.8 12068 154
0.000Z0 075 0087 BUORS 0B322 0.0 4.8 18.5 e 10,72
o.00040 4,271 G007 10.79R 0 OBEE 0.MB L4 3.9 133 17
400050 0,307 0.000  13.44] 0,E12 4B L9 1.1 1314 b2
Exhibit B.2. (Continued)
ORNL-DWG 8611844
Ap =112 X 1074 Pi (psig)
.50
006 40 -
.30
- .
= - 25
= 004 - ‘ a
=2
)
002 +— —
000 J
00 1.0 2.0 3.0 4.0

A (2 X 1074)

Fig. B.1. Variation of Q,, with 4, with constant output line area of 0.0001 1.

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 cutput 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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ORNL~DWG 8611845

0.15 | 1 ]
A, =2 ft2 X 1074 Pi';"g'g)
© 40

010 0 B
< g
£ 25
O\—

005 —

0.00 ‘

0.0 1.0 2.0 3.0 4.0 5.0
Ay (12 X 1074

Fig. B.2. Variation of Q,, with 4, with constant output line area of 0.0002 ft*.
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