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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. 

V 





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 e~perimentally.'-~ 

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'-3 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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Fig. 1. Schematic of an RFD. 
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Fig. 2. Schematic of a fluidic pump application. 
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Fig. 3. Flow rate vs time far a typical pumping cycle. 





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 

or assuming steady flow 

V o =  QoAtp . 

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, VrW, is given by: 

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

5 
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The average flow rate to the receiver tank, era, over a pumping cycle is therefore 
given by: 

v o  - vr 
Qra = Atp + At,, 

(4) 

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, 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: 

Pi + p g h  = P ,  + 1/2p~: . ( 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 ,  = Pghf 

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

where a discharge coefficient has been introduced to account for irreversibilities in the flow 
due to frictional losses. 
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The continuity equation applied to the control volume consisting of the pumping 
chamber and the nozzle of the RFD yields: 

dh 
dt pc dt 

- - A  - , Qi = -- dV, - 

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

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

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

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

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

Substituting Eq. ( I  I )  into Eq. (1  2) and rearranging yield: 
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In fact, because Pi is generally much greater than the maximum pumping chamber’s 
hydrostatic pressure, pgh,, 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: 

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: 

where h is the height or level of fluid inside the pumping chamber and Cdrf is a refill 
discharge coefficient to account for irreversibilities in the flow. 

Applying continuity to the pumping chamber yields: 

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

If Eq. ( 1  8) 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 pghpJ 2. Thus, Eq. { 15) becomes: 

while Eq. (16) becomes: 

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

The approximate solution yields very accurate results when hf is considerably greater than 
h,. As I z ,  approaches hf,  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: 

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 i s  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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Fig. 5. Comparison of approximate and exact refill time. 

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, V,, 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: 

V ,  = QoAt, . 

A mathematical model of the output flow rate of the RFD has been presented in pre- 
vious papers 2-3 and may be stated as: 
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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 (Les9 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: 

Pi - Po 

vo- JFq i Pi - P ,  ’ 

or 

I - PDR v, = A,h,  
1 c, 9 

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

(26) 

Theory and data previously reported 2-3 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, 

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 At and A,, respectively) is determined by “good” diffuser design. Typi- 
cal references4-6 on plane-walled and axisymmetric diffusers give maps of the relationships 
between diffuser geometric parameters (Le., diffuser design) and stability regimes as well 
as performance characteristics (Le., pressure recovery coefficients). The three most impor- 
tant geometric parameters of a diffuser are the area ratio, A,/& divergence angle, 2 4  and 
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Fig. 6. Schematic of an RFD diffuser. 

the slenderness Ld/Dt. 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, At, and the area 
ratio of the diffuser, AR. Thus, 

A , = ( A R ) A t  . (29) 

The volume of the output line above the feed tank is therefore: 

Substitution of Eqs, (13), (18), (261, and (30) into Eq. (4) yields: 

where 
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and 

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 At that yields the maximum average 
flow delivered to the receiver tank (i.e., the "optimum" A,) may be obtained by taking the 
partial derivative of Eq. (31) with respect to At. Equating this derivative to zero and solv- 
ing the resulting equation for A, to yield the optimum throat area, (At)opt: 

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. 

0RNI.-DWG 86-1 1848 

At 

Fig. 7. Variation of average flow to receiver as a function ob 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: 

This equation assumes a uniform diameter line of vertical elevation between inlet and exit 
of h,; horizontal length of Lo 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 Eqs. (2), (4), (10) or (13), (18), (24), (27), 
(28), (29), (34), and (35). Thus, 10 equations are available to determine the 11 unknowns; 
At, A,, Pi, Po, PDR, eo, Qra, V,, V,, Atp, and Aht,f. If one of these parameters is fixed, then 
the optimum value of At can be determined. For example, if Pi is chosen, then the 
optimum value of At may be solved for. 

Normalizing time with respect to ,/=; the flow rate with respect to A, &m 
length, area, and volume with respect to hf,  A,, and hfApc, 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: 
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and 

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. ( 3 6 ) ]  is not utilized, 
and the average flow delivered to the receiver tank, era, 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 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, At and Pi. Any parameters of interest may be used to map the system’s performance, 
although At and Pi 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 Eqs. (24) and (35). Combining these two equations for 
the purpose of eliminating Po yields the instantaneous output flow as a function of the 
pumping pressure and throat area as: 

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

Q = -  
ra 
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where Qi is given by Eq. (1 I). 
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,6 

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

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

0.3164 
f = R e ' / 4  ' 

(45) 

although it becomes increasingly inaccurate as the Reynolds number increases above lo5. 
If the flow is laminar (i.e.? Re C 2,000), the friction factor is given by: 

f=- 64 . 
Re 

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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ATE DESIGN P 

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 i s  inversely proportional to the line diameter to the fifth power. Thus, a reduction in 
the RFD output diameter of 1/2 (is., &/Do = 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 

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

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 Q. (42) always yields the 
greater flow for given At during the pumping portion of the cycle. This does not indicate 
that the average output flow follows this same trend because as At 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. White6 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 

A, 

A ,  

A ,  

AR 

A, 

(A,),pt optimum throat area yielding the maximum average delivered flow to the receiver 

Cd 

Cdrf 

C, 

d 

Dp output line diameter 

Do 

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, A,/A,  

cross-sectional area of throat of the RFD 

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 

maximum diffuser diameter at the exit 

D ,  diameter of pumping chamber 

D,  

f friction factor 

g acceleration caused by gravity 

minimum diameter of the diffuser at the throat 

ft - lb, 

lbf-S 
conversion factor for English units system 32.174 g, 

h 

hf 

h,  

h ,  

height of fluid inside pumping chamber 

height of fluid in the feed tank and the lines leading to the WFD 

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

height of the pumping chamber 

25 
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PDR 

Ql-t 

Re 

P 

% 
Atrf 

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 

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

below the level in the feed tank 

below the feed tank level 

po-pt  
Pi - P,  

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 the 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.l 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 f t  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  parameter^.'-^ For this 
problem, an area ratio of 2.5 and slenderness of 11 are arbitrarily assumed, yielding a 
pressure recovery coefficient of O . t i 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" elbow4 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- 
ficien t. 

27 
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Fig. A.l. 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, At, is listed in Exhi- 
bit A I .  Relating the variables and constants used in the program to those used in the text 
yields: 

AL = A ,  
A 0  = A, 
APC = A ,  
A R  = A R  
AT == At 
CD = Cd 
CDRF = Cdrf 
CP = c, 
DO = Do 
DL = Dp 
DPC = D, 
DT = D, 

DTP = AT, 
DTRF AT,, 
E = c  

G = g  
GC = g, 
HF = hf 
HO .-- h, 
HPC - h ,  
HR = hr 
K = K  
LO = Lo 

F = f  

LR = L, 
NU = p 
PI = Pi 
QI = Q 
QO = Qo 

QM = Qra 

RE = Re 
ROE = p 
VL = v, 
VPC = v, 
VEL = V, 
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lr! REM PROGRAM NAME : VCIRIUBLE 
20 REM DATE : SEPTEHEER 11, 1986 
30 REM V A R I A B L E  OUTPUT L I N E  D IAMETER,  G. '4. S H I T H ,  P. E. L E W I S  
4il REM APPENDIX  c\ 
5U WIOTH " L F T 1 : " , 1 3 2 : # E Y  OFF 
6 0  L Pfi I NT CHHS: i 2 7 1 +CH R $  ( 1 5 f i C HRS ( I 2  ! : C H R I  i 2 7 f + 'I N +CHI?$ 2 
7 0  CLS:PRINT "Pulsatile f I i - i i d i c  pump d e s i g n  program : V U R I A l 3 L E " : P R I N T  " V a r i a b l e  
o ~ i .  t 1 e t  1 i n f! d i amet er  I' : PR I NT 
BC! P R I N T  "Do y o u  wish tct e n t e r  d a t a  from t h e  keyboard  o r  a d a t a  f i l e  ( #  o r  F ) " : I  
NPUT UNSWS: I F  f iNSW$="F"  OR CINSWQ="f It  THEN GOSUB 1120;  GOTO 330 
?it CLS:NUI="":HOE$="":PRINT " E n t e r  f l u i d  c h a r a t e r i s t i c s  o r  p r e s s  RETURN f o r  d e f a  
u l t  va1iLe.s: 11: INPUT " V i s c o s i t y ,  N U = O ~ O O O O I  1 b i f t - s  ==:>",NUS: INF~JT " D e n s i t y ,  R O E =  
6 2 . 4 
100 I F  L E N  iNt lO1 =0 THEN NU=. Oc!i!il1 E L S E  NU=VAL (NUS 1 
1 IC) I F  LEN(ROE$!=O THEN ROE=62.4 E L S E  R O E I = V A L ( R U E $ f  
120 P R I N T  : P R I N T  "Enter system c h a r a c t e r i s t i c s  o r  p ~ e s s  RETURN f o r  d e f a u l t  v a l u e  
5 :  I' 

130 H O S = " " : H F $ = " " : H F C ) = " " :  I N P U T  " V e r t i c a l  d i s t a n c e  from R f I l  t o  r e c e i v e r  t a n k ,  HO 

: I N P U T  " H e i g h t  o f  p u m p i n g  chamber9  HPC=1 f t  = = ? " , H P C $  
140 HRS="":DPC$="": I N P U T  " V e r t i c a l  d i s t a n c e  abuve  feed t a n k ,  HR=15 f t  = = > " , H F r l :  
I N P U T  "Oiamete r  of p u m p i n g  chamber ,  DPC=0.33 f t ==>",DPCO 

LOS:INPL!T "Length  of  h o r i z o n t a l  l i n e  above  f e e d  t a n k ,  L R = l ( !  f t  = = > " , L R B : I N P U T  'I 

lk-0 I F  L E N ( H O $ ) = O  THEE4 HO=2J! E L S E  HO = V k L i H O S !  
170 I F  L E N ( H F S i = O  THEN HF=8! E L S E  H F = V A L ( H F $ f  
1UiI I F  L E N i H P C S ) = O  THEN H F ' C = l !  E L S E  H P C = V A L ( H P C B l  
!?O I F  LEN!HRS)=t:)  THEN H R = 1 5 !  E L S E  H R = V U L I H H S )  
2 0 0  I F  LEN !BPC$! = O  THEN DPC=, 33 ELSE DPC=VAL i D P C $ )  
2 1 0  I F  L E N ! L @ $ ! = O  THEN L O = l O !  E L S E  LO=VALILO$) 
2 2 0  I F  LEN(LRS1=c:1 THEN LP.= l ( : t !  E L S E  L f i = V A L i L R B l  
230 I F  LEN!ARB!=O THEN AR=2.5 ELSE BR=VAL(UR$f  
241:) P P 1 N T : F R I N T  " E n t e r  t h e  l o s s  c o e f f i c i e n t s  :'I 

25CI CPB='"":CDRFS:="": I N P U T  " P r e s s u r e  r e c o v e r y  c o e f f i c i e n t  of  t h e  d i f f u s e r ,  CP=O.6 
--: /  ,iC:PS: I N P U T  " D i s c h a r g e  c o e f f i c i e n t  f o r  l o s s e s  d u r i n g  r e f i l l ,  CORF=(:,;7 = = > " , C  

DRFS 
2C,t:, K $ = "  " : E$=* '  'I : C @ $ = l l  'I : 1 NPLlT " D i  s c h a r  g e  c oef  + i c: i en t  f o r  naz z 1 e ,  C f l = c j ,  $ 3  == >It, I:@$ 

: I N P U T  " T o t a . l  minor 1055es c a e j f  i c i e n t - e l b o w ,  v a l v e s ,  E t c .  , K = 3 . 8  = = > " , K $ :  I N P U T  

1 t~ i f  t":3 = = :> I' , f'j i] E Q. 

=23 f t  ==.:.I* :. ,HO$: INPUT " H e i g h t  o f  f l u i d  in feed t a n k  from RFD, H F = 5  f t  = = > " , H F S  

150 Li3S="":LR~='"':~R~='"': I N P U T  " T r l i t a l  l e n g t h  o f  h o r i z o n t a l  l i n e ,  LO=10 f t  ==". "  f , 
Clrea r a t i o  fctr t h e  d i f f u s e r ,  ClR=2,5 ==':.'I . , A K I  

- - c ;I 

"Roughness  f a c t o r  i n  f r i c t i o n  f a c t o r  e q u a t i o n ,  E=O = = ) " , E l  
m IF LEN K F S I  = G  THEN cr=. 6 ELSE w = v a L  K P S I  
28CJ I F  LEN!CORF$)=O THEN CDRF=.Y E L S E  C D R F = V A L I C D R F I )  
290  IF L E N i K I l = O  THEN K = 3 !  E L S E  # = V A L ! # $ )  
3 0 0  I F  L E N ( E Z ! = O  THEN E = O !  E L S E  E = V A L i E S !  
310  I F  LEN(CL)Sf=(:l THEN CD=.95 E L S E  CD=VALiCDS! 
320  CLS:NMES="":DESCB="":SNPUT "Do y o g  # i s h  t u  save t h e  i n p u t  d a t a  f Y  o r  N f " ; A N S  
M I :  IC A N S W S = " y "  OR ANSW$="Y" THEN GOSUE l O f G  
370 I F  L E N ( D E S C B 1  = O  THEN DESCB="NONE" 
34Cr I F  L E N  (RIMES! =O THEN NMEZ="NONE" 
550  CL5:L I ICATE 10 !30 :CULOH 23:PRfNT " P r o c e s s i n g ,  li L( a " : L P R I N T  : L P R I N T  "Program 
: V A R I A E L E " : L P R I N T  " D a t a - S e t  D e s c r i p t i o n  : " ; D E S C $ : L P R I N T  "!lata. f i l e  name : ";NW 
E % :  L P R I N T  "Date : 'I: DATES; TUB (57:); " T i m e  ; ' I ;  TIME$:  COLUR 7 

Exbibit A.l. BASIC program llsed to calmlate the avwage h w  rate delirered to a receiver tank for specirHc 
input pressure as a function of the throat area of the RFD. 



30 

4 8 : L P R I N T  U S I N G  " V P C i g a l  1 = # # . # # #  ";VPCC; 

Exbibit A.l. (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 COIR- 

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. Ail conditions listed in Fig. A.l 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. 

Definition of input terms : 
AE - liitfuser area ra t io  
CP - Iozzle discharge coeflicient 
CDRF - Refill dixharqe coefficient 
CP - Diffuser pressure recovery coefficient 
DPC - Diameter 04 pumpinq cfafiber 
HF - Height of fluid i n  feed tank 
Hli  - Vertical distance betwen RFD an6 receiver 
HPZ - Height of pumping chaaber 
HR - Vertical distancE B WE feed tank 
LO - Total harizontal distance t o  receiver f roa RFD 
LR - Horizontal distance t o  rece iver  above feed tank 

Definition of output  t e r m  : 
CIT - ttiffuser throat area 
DO - Output  l ine  diaaeter 
ET - Diffuser throat diameter 
DTP - Pumping tilae 
DTRF - Refill t ire 
PI  - Notivation pressure 
RI - Flow ra te  from nozzle 
Ri: - FIG# ra te  leaving diffuser 
QRfi - Average f l o w  r a t e  t o  receiver 
PE - Reynolds nuder  
SPLIT - Percentage of pu@p chamber transferred 
VL - Fallback volume 
VPC - Wume of puffiping chamber 

VPCfgali = 0.635 
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Exhibit A.2. (Continued) 
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P i  = 40 psi 
- A, = 0.0004 f t 2  
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SPL i T ! %! 
-------- 
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48, 8 

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.l. 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 €3.2 as plots of the average output flow rate vs the throat area with the input 
pressures as a parameter. Figure B.l 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.l ,  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. €3.1 and 3.2, 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 q u a l  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. 18.1 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 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 P R O G R A M  NHPIE : F I X E P  
20 REM D A T E  : SEPTEPIBER 1 1 ?  1986 
30 REM F I X E D  OUTPUT DIAMETER,  6 .  V .  S M I T H ,  B .  E. L E W I S  
40 REM APPENDIX B 
50 N I D T H  " L F T 1 :  I', 132: KEY OFF 
b 0  LPR I N T C H H t  ( 2 7 ! +CHI?$ t 1 5 1 ; CHR$ ( 1 2 ! j CHR$ ( 2 7 ! f N 'I t CH K2 ( 2 1 
7 0  C L S : P R I N T  " P u l s a t i l e  f l u i d i c  pump d e s i g n  p r o g r a m  : F 1 X E D " : P R I N T  " F i x e d  o u t l e t  

80 P R I N T  "1)a Y O U  w i s h  t o  e n t e r  d a t a  f r o m  t h e  k e y b o a r d  o r  a d a t a  f i l e  ( K  o r  F ) " : I  
NPUT A N S W b :  I F  ANSW$="F" OR A N S W B = " f  If THEN GOSUB 1120: GOTO 330 
'?<J C L S : N U S = " " : R O E f = " " : F f i I N ~ ~ : F ' R I N T  " E n t e r  t h e  f l i i i d  c h a r a t e r i s t i c s  or  p r r 5 . 5  RETUR 

: I N P U T  " D e n s i t y ,  ROE=b2.4 l b i f t " . ;  = = ) " , R O E $  
1C)O I F  LEN!NU8! = O  THEN NU=.OCC)Ol E L S E  N U = V A L i N U $ )  
1 ! I 1  I F  L E N  !'ROE$! =I:] THEW ROE=62.4 E L S E  ROEB=VAL (HOE$! 
120 P R I N T  : P R I N T  : P R I N T  " E n t e r  t h e  s y s t e m  c h a r a c t e r i s t i c s  o r  p r e s 5  RETURN f o r  t h  
e d e f a u l t  v a 1 u e s : " : P R I N T  
13U HOS.. ."" :HFB="":HPCb="":  I N P U T  " V e r t i c a l  d i s t a n c e  f r o m  RFP t o  r e c e i v e r  t a n k ,  HO 
- - 7 -  ,-, f t = = . :. 1) ,HOB: INPUT " H e i g h t  o f  f l u i d  i n  f e e d  ta.nk f r o m  RFD, HF=Q f t  ==>",HF4 
: I N P U T  " H e i g h t  o f  pumping c h a m b e r ,  H P C = 1  f t  =="i l l  i ,HPC$ 
140 H R B = " " : D L 4 = " " : ~ P I ~ 2 ~ " " :  I N P U T  " V e r t i c a l  d i s t a n c e  f l u i d  i s  pumped, HR=15 f t  == 
: : } " ! H R O :  INF'UT "Dia@li.t_er ~ j f  o u t p i i t  l i n e ,  PL=r l .O lE l  i t  = = ' , "  , , U L $ : I N P U T  " D i a m e t e r  o i  
pcimpinq chamber,  DPC;=(:).33 f t  =='>II :. ,PPC$ 
150 L O S ~ " " : L R f = " " : A F i 2 = " " :  I N P U T  " L e n g t h  o f  h o r i z i j n t a l  l i n e ,  LO=10 f t  = = > " , L O $ :  I N  
PUT " L e n g t h  o f  h o r i z o n t a l  l i n e ,  LR=10 f t  ==?'I . , L R S : I N F U T  " A r e a  r a . t i o  f o r  t h e  d i f  

160 I F  LEN!Hllb!=(:, THEN Hi3=23! E L S E  HD = V A L ( H O b )  
1 7 0  I F  LEN!HFB!=O T H E N  H F = E !  E L S E  H F = V A L ( H F B !  
19G I F  LEN!MPCS)=O THEN HPC=i! ELSE HPC=VAL(HPCB!  
1 9 0  I F  LEN!HRQ.!=O T H E N  HR=15! E L S E  HH=VAL!HR$) 
200  I F  L E N  i P L $ : l  =<I THEN D L = . r j l Y  E L S E  D L = V A L ! D L U  
2 1 0  I F  L E N i D F C B !  = C  THEN DF'C=.3J ELSE P P C = V U L I D P C B )  

I F  lLE?4!LO$?=CI THEN LO=li : l !  E L S E  L O = V A t ( L O f !  
2.30 I F  LENI;LRS!=(:;  THEN L R = l O !  E L S E  L R = V A L ( L R $ !  
240 I F  L E N ( A R $ ! = O  THEN AR=2.5 E L S E  A R = V A L t A R $ !  
250  P R 1 N T : P R I N T : P R I N T  " E n t e r  t h e  105.; c o e f f i c i e n t s  : " : P R I N T  
2150 C P e = " i ' : C D R F f = " " :  I N P U T  "Pressv . re  r e c o v e r y  c o e f f i c i e n t  o f  t h e  d i f f u s e r ,  CP=1:).6 
- _  ... , C P f :  I N P U T  " D i s c h a r g e  c o e f f i c i e n t  f o r  l o s 5 e s  d u r i n g  r e f i l l ,  CDRF=(:t.7 = = ) I ' , C  

D R F B  

1 i n e d i a met er  'I : PR I N T D A T  E2 ; T A B  tO : T I ME $ : PR I NT 

N f o r  t h e  d e f a u l t  v a 1 u e s : " : P R I N T  : I N P U T  " V i s c o s i t y ,  NU=O.Oc!r:lr)l l b l f t - s  ==) I i  . ,NU$ 

f i gse r ,  A R = 2 ,  5 =='':" : , A R Z  

- - ..., !I 

27<l K $ = " " :  E $ = " " :  E Q $ = " " :  I N P U T  " D i s c h a r g e  c o e f f i c i e n t  f o r  n o z z l e ,  ~zD=( j ,qg  ==)" ,CD$ 
: I N P U T  " T ~ t a . 1  m i n o r  losses c o e f f  i c i e n t - e l b o w ,  v a l v e s ,  e t c . ,  K=J.O =="..I' ... , K $ :  I r w T  

;YO IF t . E r i I c D w B j  = G  T H E N  LDRF=.  7 ELSE C D R F = V A L  ( C D R F $ )  

"Roughne5.s fa.ctot- i n  f r i c t i o n  f a c t o r  e q u a t i o n ,  E = 0  =='>I '  . ,E$ 
280 I F  L E N  ( E P S !  = C  THEN CP=. ,$ E L S E  CP=V&L (C:P$) 

7 -  .-.t)U I F  L.FN!K$)=Cl THEN K=;! E L S E  K = V B l - ( K f )  
Z l O  I F  LENIF_$!=(:) THEN E = O !  E L S E  E = V A L ( E $ )  
.:,LL, C L S : N M E f = " " : D E S C 9 = " " :  I N P U T  " P o  j 'ou w i s h  t o  s a v e  t h e  i n p i j t  da . t a  o r  1\1) ";GINS 
k!B: I F  ANS l i l $= "y "  O R  A N S W $ = " Y "  THEN GOSUB 1070 
3JCI I F  L E H  ( D E S C $ j  =I] THEPd DESC$="NONE" 

-. .:, .-\ 

3 4 Q  I F  L E N  ( N M E B ) = O  THEN N M E $ = " N O N E "  

t B.I. BASIC program used to calculate the average flow rate delivered to P receiver t a d  for P 
specific input pressure and output line diameter. 
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Exhibit B.l. (Contiraued) 
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Exhibit B.1. (Continued) 
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Definition of i n p u t  terms : 
AP - fiitfus~ area ratio 
ED - Nozzle dl5ChsrijE caefficient 
CK'F - &!efifl discharge coefficient 
CP - Diiiwr pressure recovery cwtficient 
IH. - h t p u t  line dialnetw 
W'C - i)iawter of pumping chamber 
HF - kight id fluid i n  f &  tank 
MD - Vertical distanse between RFE and T P C ~ I Y W  

IiFT - Height 04 pmping tha$w 
HF - Vertical distance abave feEd tank 
10 - Total hwizmtal distance t o  receivw frm ED 
LR - Hwimtal distance t o  receiver above fed tank 
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A, ( f t 2  x 10 - 4 )  

~ i g .  B.I. Variation of Q" with A~ with ~ ~ ~ 5 t a ~ t  output line area of 0.0001 ft2. 

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 RFB compared to that quantity of fluid entering the 
RFD decreases. A s  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 Qn with A, with constant output line area af 0.0002 d. 
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