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Jet and a Receiver-Diffuser in a Reverse Flow

G. V.Smith
Mechanical and Aerospace Engr.
The University of Tennessee
Knoxyville, TN 37996

ABSTRACT

Two mathematical models of the interaction between a submerged
jet emanating from the nozzle of a reverse flow diverter (RFD) and a
receiver-diffuser of a venturi-like reverse flow diverter are presented and
compared with experimental data. Both models predict the output
characteristics fairly accurately, although the expcrimentally measured
flow is observed to saturate at higher values of jet dynamic pressuce and
at lower values of output load impedances. An analysis bascd on the
inviscid flow model indicates cavitation as the likely cause of the flow
saturation.

_ NOMENCLATURE

Variables Subscripts (cont.)

A area n noz'zlc outlet

C, discharge coefficient o output of diffuser

C, pressure recovery coefficient r  receiver inlet

Kq diffuser loss coefficient s supply or source

3 pressure‘ 1  region between nozzle and

Q volumetric flow rate receiver

vV velocity entrance section of receiver

# density 3 receiver exit and diffuser inlet

Subscripts Superscripts

i - induced flow -~ bar atop variablc indicates
normalized quantity

) jet flow

INTRODUCTION

The reverse flow diverter (RFD) has been shown to be an extremely
useful device in fluid control and fluid power systems. The RFD is a
gencric name for a three-port device, as shown in Fig. 1(a), with a forward
Now mode of fluid Nowing from port 1 to port S, whereas in the reverse
flow mode the fluid is diverted o port O. One type of RFD is the axisym-
metne venturi-like RFD, shown schematically in Fig. 1(b), which has
rroven uselul in displacement pumping systems [1-7] with an air piston
30d associated chambers. These pumping systems have reportedly [1-6]
Peen used extensively in the British nuclear fuel reprocessing facilities,
and 1t 1s anticipated that these pumping systems will prove to be extremely
vicful in harsh chemical process environments where ultrarcliable leak-free
©peration is required.

In the venturi-like RFD, the conversion of static to dynamic pres-
t«1¢ i the nozzle diverts the reverse flow to the receiver while the receiver-
ditluser of the RFD recovers a portion of the original static pressure. fn
the forward flow mode, the fluid does not flow appreciably to port O
because of 3 sufficiently large output itnpedance.

——————
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Fig. 1. Schematic of reverse flow diverter. 1

.
The primary purpose of this paper is to present two mathematical
models for the venturi-tike RFD in the reverse flow mode,. It is the inter-
action of the submerged jet with the recciver-diffuser which is, by far, the
most challenging portion of the device to arcurately model. B

THEORY

'

The mathematical models of the venturi-like RFD, to be developed "
in this section, are bascd on the assumptions of axisymmetric, steady and
incompressible flow. The exit diamecter of the nozzle of the RFD is
assumed to be equal to the injet diameter of the receiver-diffuser portion
of the RFD.

Nozzle Model
The flow through the nozzle of the RFD is easily modeled by
writing Bernoulli’s equation between the inlet and the thrcat of the nozzle
as L
- el
P, =P + ’/lpvp 1

Noting that the volumetric flow rate through te nozzle of the RFD is
equal to the product of the throat arca and velocity, an expression for
the flow rate of the jet ecmanating from the nozzle may be written as

Q = C4AV2P,~B)ip ()]

where a discharge coefficicnt has been intrcduced to accouny for losses
in the flow.

Source Flow Model of Recciver-Diffuser

Onc technique to model the interaction between a submerped jet
and a receiver-diffuser is to consider the submerged jet immpinging on the




inlet to the recciver as a “*source” or *driving” pressure equal (o the sum
of the static and dynamic pressures of the jet [7]. The diffcrence between
the source (total) pressure at the receiver entrance and the total pressure
at the diffuser outlet is a result of irreversible losses occurring in the
diffuser, Mathematically this may be expressed as e
. 1,1 22
P, — (B, + %pQ,/A) = KahpQo/A, PN &)
where K, is a diffuser loss coefficient, which is ty;)icauy based on the
maximum velocity occurring in the diffuscr.
The pressure recovery coefticient, dcfined as the fraction of the
dynamic pressure at the inlet to a diffuser whick is converted to static
pressure at the exit of the diffuser, is related to the diffuser loss coefficient,

defined as \\\
Ke =1 - (AJA) - Cp . @
" Substituting this equation into Eq. (3) yields
= 1 0% Al
P, - P, = (1-Cp) %pQ. /A, (5)

The source pressure of the submerged jet is noted to be equal to
the total (supply) pressure at the inlet of the nozzle minus those losses
which occur in the nozzle. Neglecting these losses as a first approxi-
mation indicates that the source pressure is equal to the supply pressure
applied to the nozzle intet (i.c., Gy is equal to one). The validity of this
approximation will be demonstrated in the Experimental System and

" Results Section, . o .

Equation (5) may be written in a dimensionless form by dividing

by Eq. (2) and rearranging algebraically, which yields

P,-P, Q. ;
. = 1--c—5 KON
P,-P, Q
or .
VPP = 1-(1-C,)Q, ™M

Pressures are normalized with respect to the static pressure drop
across the nozzle of the RFD, which from Eq. (1) is equal to the dynamic
pressure of the jet; flows are normalized with respect to the flow emanating
from the nozzle: and areas are normalized with respect to the nozzle exit
and receiver inlet arca.

Inviscid Jet Modcl of Receiver-Diffuser

A different mathematical model for the interaction between the
submerged jet and the receiver-liffuser may be obtained by treating the
submerged jet as inviscid. The bchavior of the jet in the immediate vicinity
of the receiver inlet is determined by the static pressurc immediately |
inside the receiver inlet (Fig. 2). Referring to Fig. 2(a), if the static pressure |
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immediately inside the receiver inlet (P;) is less than the submerged jet |
static pressurc (P)), the jet strcamtube cxpericnces a reduction in area
as a result of acceleration of the fluid jet streamlines in the vicinity of
the receiver inlet. Because of this reduction in pressure, some ambient *
ﬂuid.is “induced” into the recciver inlet. A nonuniform velocity profile !
" therefore exists at the receiver inlet, Both the jet flow and the induced ,
flow arc mixed in the receiver portion of theé RFD and possess a uniform '
profile at the entrance to the diffuser (Sect, 3, Fig. 2). |
If the pressure at the receiver inlet is greater than the ambient
pressure (i.c., P, > P, ), the jet streamtube increases in area as indicated |
in Fig. 2(b). Thercfore only a portion of the submerged jet is *‘captured™ .
by the receiver. This flow is assumed to have a uniform velocity profile ,
and is unchanged between Sects. 2 and 3 (Fig. 2).
Writing Bernoulli’s equation between Sects. 1 and 2 (Fig. 2) for l
the jet streamtube yields

2 2

P, + %oV, =P, + '/zPV,': ®)

This equation may be rewritten as
2
Vj ) P, - P, . ©
—_— = +
] F]
Vi ‘/Ipvjl
Cop TR e e

‘—l . — — .,- - PP— — - -

Va=1+B P 10

Fror continuity the area of the jet streamtube at the receiver inlet
is

A Vp

—— 2 —— {11)

Ail Vl':
or

_ _ %

Ay = l/v,': =11 +P,-P} ’ (12)

since Aj; = A, T AL

For the case where P, <P, the area of the receiver entrance through
which induced fluid flows is

Ay = Al - Ai’l 13
or -
Ag = 1-A; . 14)
The velocity of the induced fluid is given by
1
Py = P+ 0V, {15)
‘or - T - Tt -
. . . . -
Via P, P,
—) T (16)
V,l /:ijl
which may be written as
J -
Vi2=P, - P Qan
The total flow through the recciver-diffuser is
Qo = sz + Qiz (18)
or
Q =1+Q; - a9




? ’ .

61 = “ -A,zll\J P, - Pz -
Combining Egs. (12), (19), and (20) yields an expression for the normalized
output flow rate of the receiver-diffuser as

Q = [1-(1+F, —P:) ] P, P+ 1. @n
The pressure at Sect. 3 (Fig. 2)is obtained by writing the fomentum
equation between Sects. 2 and 3 (Fig. 2). By neglecting shear losses, the

momentum equation may be written as

3 2 3.

F2A, - P3A; = pIAV; — ApVy, - ALVl . 2)
Normalizing Eq. (22) yields

P -Fy = 2V - KV - AVl @3

Substituting Eqs._(lO),(lZ),(M),and(l?) inta Eq. (23}, rearranging,
and noting that Q, = Vj, vields
—_ B — 3
P, -P, =P, ~P, + 201+ P, -P,) " - 2Q, (24)
Relating the pressure at Sect. 3 (Fig. 2) to the output pressure is
accomplished through the pressure recovery coefficient, defined as

P, —Py .
=— @5)
'/:PV: N '
or
FO—F,‘P,-—P +cQo 6) -

Subsmutmg Eq. (24) into Eq. (26) y:c)ds

- —
B,_F, =P, —F, +20+7, -Fy " —2-C,Q, . an

Equations (21) and (27) are two equations in three unknowns
(P, - P,,Q,,and P, — P,). Although the unknown P, — P, could con-
ceivably be eliminated between these two equations, it is simpler and
neater algebraically to leave the equations separate.

For the case where P; > P, the velocity at the receiver entrance
is still given by Eq. (9). The output flow rate is then equal to the receiver
inlet area times the velocity at that point, or in normalized form [

S =7, -7 5 g

Q = Vja =V; = (28)

* Since for P, > P, the static pressure at Sect. 2 (Fig. 2) is equal to
the static pressure at Sect. 3 (Fig. 2), Eq. (26) becomes

P,-P, = P, “Fl + C.,a: 29)

For this case, Eqs. (28) and (29) are two equations in three unknowns. |

Combining these two into one cquation yields

P -F, = 1-0-CQ, . (£

It is interesting to note that the expression for P, > P, is identical
to the expression developed for the source flow model [Eq. (7)), This is
not surpnsing since for P, > P, the recciver entrance in the inviscid jet
model is subjected to 3 uniform static and dynamic pressure or as
previously termed the “source’™ pressure.

EXPERIMENTAL SYSTEM AND RESULTS

The axisymmetric venturi-like RFD, shown schematically in Fig. 1I(b),
was machined out of plexiglas. The cxit diamcter of the nozzle and the
inlet duameter of the receiver-diffuser were 0.94 ¢m, whereas the length
Of'lhe diffuser section of the receiver<liffuser was 7.62 ¢m with a diffuser
exit diameter of 1.50 c¢m. This duffuser design was chosen to allow for

Operation_in the fully stable regime of the siability map presented by Fox |

and l\lmv.l8]

0

. )
Supply and output pressuses were measured with pressure sensor/

transmitters. Fiow rates were computed from Jevel changes in tanks

associated with fluid movements, whercas water (at reom temperature)

was used as the opcrating fluia in all tests. The experimental system '

features an automatic data acquisition system controlled by a Bristol
UCS 3000 Unit Processor Conzroller.
- The operating characteristics of the RFD nozzle are presented

in Fig. 3 as a plot of the nozzle flow rate vs the difference in pressure

across the nozzle, Also presented in this figure is the theoretical predic- .

tion for the nozzle flow from Eq. (2) for a discharge coefficient of unity.
This ption is equivalent to

g an inviscid or a reversibie flow. '

The assumption of an inviscid flow in thc nozzle was previously mzje in °
the development of the mathematical model for the receiver-diffuser [7].

_As is evident from a comparison of the data with the inviscid theory in :

Fig. 3, the assumption is valid.
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i - Fig. 3. Nozzle low characteristics.

Figures 4; 5,and 6 pr-esem e-xperimental flow characteristics ¢f the
recciver-diffuser for supply pressures of 73, 142, and 211 kPa respectively.

_ Also presented on each figure are the predictions from the two mathe-

matical models developed. The output characteristics of the receiver-
diffuser are presented as a plot of the normatized output flow rate vs the
normalized difference in static pressure across the recciver-diffuser.
Comparing the two model predictions first, it is observed (as carlier
noted) that the two models yield identical results for large values of load

impcdances at the output of the receiver-diffuser. This corresponds to

the case of the inviscid jet model having a pressure immediately inside the
receiver entrance greater than the static pressure of the submerged jet

!
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(i.e., the region where 6‘, < 1) As the load impedance is reduced, the |
output flow rate of the RFD increases anJ the two theories diverge for
Q, > 1.\The mathematical model based on a source or driving pressure at
the receiver entrance predicts a higher output flow than the inviscid jet |
model as the load impedarnce is reduced (i.c., the output or back pressure
is decreased).

Comparing the data to the two model predictions, it is observed
that at higher load impedances (i.e., higher output pressures) reasonable
agreement is noted between the two theones and data. As the load imped.
ance is reduced, however, it js observed that the data for the lowest value
of supply pressure (i.e., 73 kPa) continues in a continuous manner, whereas
the experimental flow data for the two higher input piessurcs appear to
saturate. The saturation for the highest supply pressure appears to occur |
before saturation for the middle supply pressure. For the lowest supply
pressure (see Fig. 4), the inviscid jet model appears to predict inore
closely the performance of the recviver-diffuser than does the source pres-
sure modet. i

Two possibl: reasons for the saturation of the output characteristics
are noted. First, it has been observed [9) that the performance of a dif-
auser is highly dependent on the nature of the flow entering the diffuser.
It is likely that the flow entering the receiver-diffuscer has a secondary flow
saperimposed on it. This could, of course, cause premature separation of
the flow in the diffuser. It is mere likely, however, that cavitation of the
fluid immediately inside the receiverdiffuser is occurring and this is the
primary cause of the saturation of the data.

|

|

pressure of the fluid (~3.4 kPa absolute).

Some justification for this accusation of cavitation causing the data !
saturation (Figs. 5 and 6) may be obtained by further study of the inviscid
jet madel. Figure 7 presents the inviscid jet model predictions of the
pressure immediately inside the raceiver entrance in dimensional form
plotted vs the dimensionless pressure difference across the receiver-diffuser
for cach supply pressure investigated. These predictions are for a sub-
merged jet under an ambient pressure (i.e., Py) of 117 kPa absolute which '
was the hydrostatic head imgtessed on the RFD during the experiments.
For thesc conditions, it is ebserved that the inviscid jet model predicts
negative absolute pressures as the load impedance is reduced, which js, |
of course, impossible. As the pressure decreases it eventually reaches a |
point where cavitation occurs. This cavitation pressure is determined
primarily by the fluid temperature and dissolved gases in the fluid. The .
concurrence of cavitation leads to separation of the diffuser flow and '
saturation of the output flow. It is observed that the theory applied to :
the lowest supply pressure never predicts pressures below the saturation

OFNL-DWG 83 - 11418
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Fig. 7. Predicted roceiver entyance pressure,

+ CONCLUSIONS

The mathematical models developed yicld satisfactory agreement
with the experimental behavior of a venturi-like RFD. The divergence
between theory and data at higher supply pressures and lower valucs of
load impedances is believed to be caused by cavitation occurring in the
receiver-diffuser of the RFD. \
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ABSTRACT

Two mathematical models of the interaction between a submerged
/jet emanating from the nozzle of a reverse flow diverter (RFD) and a
receiver-aiffuser of a venturi-like reverse flow diverter are presentied and
compared with experimental data. Both models predict the output
characteristics fairly accurately, although the experimentally measured
flow is observed 1o saturate at higher values of jet dynamuc pressure and
at Jower vilues of output load impedances. An analysis based on the
inviscid flow model indicates cavitation as the likely cause of the flow

saturation.

. NOMENCLATURE o
Variables Subscripts {cont.)
A asea n nozzlc outlet
C, discharge coefficient o output of diffuser
(. pressurc recovery coefficient r receiver inlet
Ky diffuser Joss coefficient s  supply or source
P pmssurc' 1  region between nozzle and
Q volumetnc flow rate Teceiver
vV velocity entrance section of receiver
p density 3 receiver exit and diffuscr inlet
Subscripts Superscripts

—  bar atop variablc indicates

b induced flow : .
normalized quantity
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INTRODUCTION

The reverse flow diverter (RFD) has been shown to be an extremely
useful device in fluid control and fluid power systems. The RFD is a
genenc name for a three-port device, as shown in Fig. 1(a), with a forward
flow mode of fluid flowing from port 1 to port S, whereas in the reverse
flow made the fluid is diverted to port O. One type of RFD is the axis, m-
metne ventuni-like RFD, shown schematically in Fig. 1(b), which has
rroven useful in displacement pumping systems {1-7) with an air piston
214 associated chambers. These pumping systems have reportedly {1-6]
reen wed extensively in the British nuclear fuel reprocessing facilities,
and 11 1 anncipated that these pumping systems will prove to be extremely
vacfulsn h:sh chemical process environments where ultrarcliable leak-free
©peration is required.

In the ventun-hke RFD, the conversion of static to dynamic pres-
vuicn the nozzle diverts the severse flow to the receiver while the receiver-
dutfuser of the RFD recovers a portion of the original static pressurc. In
the forward flow mode, the fluid does not flow appreciably 1o port O

becauss of 3 sufficiently large output impedance.
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The primary purpose af this paper is to present two mathcmatical
models for the ventun-like RFD in the reverse flow mode. It is the inter-
action of the submerged jet with the receiver-diffuser which is, by far, the
most challenging portion of the device 10 accurately model. W

THEORY .

The mathematical models of the venturi-like RFD, to be developed |
in this section, are based on the assumptions of axisymmetric, steady and
tncompressible flow. The exit diamcter of the nozzle of the RFD is
assumed 1o be equa) 10 the inlet diameter of the receiver-diffuser portion
of the RFD.

Nozzle Model

The flow through the nozzle of the RFD is easily modeled by
writing Bermoulli’s equation between the inlet and the throat of the nozzle
as .

P, =P, + %oV, . m

Noting that the volumetric flow rate through tic nozzic of the RFD is
equal to the product of the throat area and velocity. an expression for
the Now rate of the jet emanating from the nozzle may be written as

Q = C,AV2,~P)p . )

where a discharge cocfficient has been introduced to account for losses
in the flow,

Source Flow Moiicl of Receiver-Diffuser

QGnc technique to model the interaction hetween a subinerped jet
angd a receiver-diffuscr is to coasider the submerged jet impinging on the




