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ABSTRACT

INVESTIGATION ON THE INLET DESIGN
OF THE REGENERATIVE PUMP
- by
REWE BICARD

Submittéd to the Department of Mechanical Engineering on May 20,
1957 in partial fdlfillmsnt of the requirements for the degree

of Bachelor of Science.

This investigation involves the design of a new inlet for a
regenerative pump with a semi-torus shape channel. The design
of the inlet is based on a proposed model of the fluid mechanism

in the inlet region.

The results obtained were not as satisfactory as was expected,
however some improvement was achieved in increasing the length
of the linear region of the channel and therefore increasing

the head across thé same. This small improvement shows, howe%ef,
that the line of analySis‘fcllowed in the model is in the right

direction, and a further development of the model is encouraged.

ThesiS»Supervisdr: W.A. Wilson

‘Title: Professor of Mechanical Engineering
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FOREWORD

The present investigation is a continuation of a research
program initiated at M.I.T. in 1952 under a grant-in-aid
established by the Wcrthington Corporation for the purpose of
rationalizing the nature of the regenerative pumping process
with a view to achieving improved performance.

This thesis is concerned with the design of the inlet port
of a eircular channel regenerative pump. The pump tested was
originally designed by Mr. D.P. Dewitt, and except for the inlet
section other things in the unit were left the same.

‘The iﬁitial step in the design of the inlet is to predict
the kinematics of the fluid at the said section. The analysis
is based on the circulétory flow theory, which was originally
developed by W.A. Wilson, M.A. Santalo, and J.A. Oelrich, and
later by D.P. Dewitt for the particular pump geometry of the
pfesent experimental unit. On this basis an inlet was designed,
built and tested.

The author hereby wishes to acknowledge the support received
frethorthington Corporation for this project, and is indebted
to Professors W.A. Wilson and M.A. Santalo, and Mr. D.P. Dewitt
for their help and valuable advice which contributed greatly

to this investigation.




INTRODUCTION

A regeﬁeraiive pump is a hydrodynamic unit, sometimes
referred to in the literature as a periphery pump, friction
pump, turbulence pump, ete. A particuiar featﬁre of this pump
is that it developes high heads at iow speﬁific speeds and with
a single rotor. #£As compared to other units its efficiency'is
not impressive, but it becomes acceptable when compared to
units of similar specific speeds. Thése:characteristics of a
regenerative pump have made it particularly attractive for
lubrication, filtering and booster systems, where high heads
at low flows are required with as much unit simplicity as
possible.

The present investigation is concerned with the inlet
effe&ts of a given unit, and the design of an inlet port which
will improve the.performance characteristics of the pump.

A schematic diagram of the unit used in this investigation
is shown in Fig. 1. It has a torus-shaped chamber, half of
‘which is in the casing and is called the open channel. The
other half is in the impeller, and similarly it is called
impeller channel. The impeller channel has cast into it a
large number of straigt radical blades. At one section of the
open channel there is an obstruction called the stripper,
at each end of which there are located the inlet and outlet -

ports of the unit. The fluid passes from the inlet into the
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channel and while it circﬁlates along its periphery, it also
circulates in and out of the impeller blades, i,e. if supposing
a cross sectional view of the channel the fluid would be enter-
ing at the inside end of the blade (with resvect to the axis
of rotation of the impeller), and leaving at the outsidevend.
The mean stream line along thebperiphery'af the channel will
then have an approximate healical path, and it is from this
interval "multistaging” or "regeneration” which takes place
that the unit 8%65 its name. It should also be recalled that
'the object of the stripper mentioned above is to provide an
obstruction so that all fluid does not continue to circulate
in the channel but some of it is pumped out through the outlet

port.
| In the following Section.the theory of operation for the

pump in question is discussed.




2. THE CIRCULATCRY FLOW THEORY

The circulatory Tlow theory is the basis for the analysis
done in this thesis. The said theory represents thé latest
development in the study of the fluid dynamics mechanism of
regenerative pumps, and was proposed by Wilson, Santalo and
Gelri.ch..lé In this investigation however, thelr original ex-

- pressions are not used directly because they are derived for
a particular pump geometry which differs from the one here in
question. -Instead the expressions to be used are those which
were later developed by D.P. Dewittg*the designer of the

_presentvezperimental unit. These expressions however, follow
the same methods of reasoning as in the original development.

A resume>ef the circulatory flow theory as derived by

Dewitt for this particular test unit is shown in the appendix.

8Su-per'script refers to references found in the
Bibliography.




3. THE INLET PROBLEM

Previous experimental work on regeﬁerative pumps shows
that the pressure distributiom within the pump, i.e. in the
channel, not including the inlet and outlet ducts, is marked
by five characteristic regions'as foliows:

a) Inlet region: A pressure drop occurs in this
section of the channel whicﬁ is opposite to the
outlet port.

b) Acceleration region: It is a transition region
where circulatqrf flow is not fully developed and

- the pressure increases at an increasing rate.

¢) Linear region: The circulatory fldw is here fully
developed, and the rate of pressure increase is
constant .

d) Acceleration region: This is again a‘tfansitibn
region at which circulatory flow begins to degener=
ate near the exit and pressure recaches a maximum.

e) Outlet region: A pressure drop takes place as the
fluid leaves the channel.

These regions are indicated on Fig. L, which shows the
pressure distribution at various flow rates, for the experi-
‘mental unit, befeore any special inlet design had been made.
The inigt which the unit had at the time had been an intui-
tive design and no special investigatibn was undertaken for |

that purpose.




The regions mentioned above are not only true for the
present test unit, but they are marked in various degrees in
other regenerative pumps which have been previously built,

From considerations on'the pressure distribution discussed
above, it has been suggested that if an inlet were designed so
that the pfessure drop in the inlet region would be eliminated,

and the acceleration region be reduced and at the same time

- moved so}as to overlap the inlet région, then the head across

the pump would be increased because the linear region would
start earlier, meaning that each of the curves in Fig. 4 would
move upwards and to the left. And, correspondingly, if the
head across the pump is increased, its performance will also be
improved.

From the previous analysis it was considered worthy to
undertake the investigation leading to a new inlet design of

the succeeding sections.




L. ‘THE INLET DESIGN

As it was said in the previous section, the purpose to be
~achieved with a new inlet design is to incréase the length af‘:
the iinear region by reducing as much as possible the acceler-
ation region, and also to reduce any entrance losses which may
occur in the inlet region. This new inlet will then bring
about and increase in head across the pump, and consequently

an increase in overéll pump performance will follow.
" 4.1 THE BASIC INLET MODEL

‘The first step in the design of the new inlet was to
proéuce & model of the flow in the inlet region which would
matiech the cireculatory flow in the channel so as to avoid any
energy losses other than friction losses which may take place
at the inlet section. In other words the flow is to be
assumed to follow continuous stream lines in its transition
from the inlet duct to the linear region of the channel. If
this flow pattern can be achieved then we would have the
pressure losses in the inlet region which originally were due
to turbulence effects eliminated, and at the same time the
acceleration region would be superposed over the inlet region.

The proposed basic model can be seen on Figure 3; and
it was drawn.under‘the following assumptions and considerations:
a) The inlet region is defined as R; 0y where 0 =0

at the tip of the stripper and ©=0, is the end of




d)

the inlet at a i;oint on a plane between the
open channel and the tip of the blades.

The Iinear region is assumed to start right at
the end of the inlet region, i.e. at © =6,

Therefore at this point we have:

'{Vi)9=ex ,= (Vk)c = LRQ{QéL

and (Vti)o-:e (0( c U

or . KO(. Igiex = o()c

At the beginning of the inlet region or at
we have that the fluid in the impeller is under-
going solid body rotation, and therefore at this

point we have:

(Vi)ew =0
and
(Veilawo = (2gao U = Us
ot ‘ (oL)e =
A linear veloc:u:y dlstrlbutlon is assumed over

the inlet region. In the tangential direction,
as Well as 1n the circulatory direction, so that
from ©=0to 6 =64
V; ¢thanges livearly ¢rom 0 o (V:.'.)c
Vi " n " U{ 1o (OL)C Uc
X T " I (I ) (O(.)c_
If the relations in d) are true, then the

absolute velfocity at any one point in the inlet is

= Vet + V]

and the average absolute veloc:Lty across the inlet




section is:

(V)AVE = \/(VL);_A\,E + k\li):cvms

f) If continuity is to be satisfied, we have

that through-flow across the pump is equal to ! -
the average absolute velocity across the inlet
times the cross-sectional area of the inlet,

therefore:
Q= (& Ri 8_,,) (V)AVE

g) If friction losses are considered small in
the inlet region, and are therefore neglected,
then the pressure difference from ©=0to ©=0.

is given by

Q:Q“ G=G>¢
= - £8¢ R
AP \°=° = fe.—.-.o E——R—ZA{<U°R°~“ULR449

L A [, wuid

which are developed in the Appendix.
L.2 THE INLET ANGLE

On the basis of the model discussed above, the following
conclusions may be drawn:

a) At point Q=0 f,,he circulatory velocity V¢=0 and the
tangential velocity V., = U{ ; therefore it is obvious that
at. this point the wall of the inlet duct should be in the

plane of the tip of the blades and perpendicular to the axis
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of rotation of the impeller; This accounts forAthe fact that
the‘sﬁripper ends in fhe form of a wedge in the new design
inlet shown in Figure 2.

b) At point ©<=@x, the total absolute velocity is
V= (V)& + Leeli]®

and 1t is at an angle

B = Tan Q?k

with respect to the axial alrectlon of the impeller.

This angle is the inlet angle shown in Figure 2.

L .3 THE INLET SIZE

P

| Tﬁé radial dimension B; (see Figures 1, 2, and 3) of the
inlet.section is arrived at from circulatory flow considerations;
Ls defined by Dewitt2 Ei is the radial length of circulatofy
flow area entering impeller, therefore i1f the flow across
the inlet is to correepond with the circulatory flow, then
By is the logical dimension.
| In the tangential direction, the dimension (R{ ©,) is
determined for a given volume rate of flow which is chesen
'as‘the design point for the pump. This is a consequence of
the discussion of section 4.1 f), where the following relation

was derived:

Q. = B¢ (RL e.x) (V)AVE
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L.3 OTHER INLET GONSIDERATIONS

A great deal of thought went into the author's decision
about what to do withlthat section of open channei in the
inlet region which is not occupied by the inlet orifice or
opening. This is the upper section of the channel where the
flﬁidvleaves the impeller. Finally it was arrived at the
conclusion that if from continuity at any section of the
channel, the cireulatory velocity distribution; had to be
similar in entering the blades, as well as leaving the blades.
(This is shown graphically’in Figure 3 .) Therefore if this
' werévthe case, the section of channel in question should have
a shape corresponding velocity disﬂribution so as to follow
the stream line pattern of the flow. Upon this'lipe reasoning
the "s" shaped wedge filling shown in Figure 2 was arrived
at. :Tﬁe length of this wedge is the same as that of the inlet
region ffom>the fact that the circulatory velocity increases
from zero to the maximum achieved when there isrfully developed
circulatory flow, and according to the model, this occurs at

‘the end of the inlet region.(i.e. at ©=0y)
L5 CALCULATIONS FOR EXPERIMENTAL INLET

Since the dimensions of the inlet are a function of
mainly the flow and the speed of the impeller, the following
design conditions were established:

e Q -
((p)DEslGN = E-s )DEs\GN = o'j

(N)DssmN = {000 RPM




4 = 0.820
’(o(')cmes\cnz 0. 46

(qmégﬂthe ratio of actual flow rate to solid body rotation
in open channel was picked because from previous experience
it has been found to be the condition for which the pump has
a‘reiatifely’gbod efficiency. (N)yoq - 1000 RPM was also
picked because it has been found to be within the general
range of operation for this experimental pump.

4 I 0.820 was found experimentally by Dewitt? for thls

partlcular pump in operation.

(&) = 0.46 is calculated in the Appendix (&-2.2) from the

c-DEs
relation [-Qo R: ]
4 + kKt
R’c(x

A detailed calculation of the experimental inlet is shown
in the Appendix (A-2). The calculated dimensions are:
Inlet angle ﬂ = 33.2°
Length of inlet region R; ©x = 1.35 inches
or @x = 0.442 radians.
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DESCRIPTIDH OF APPARATUS AND TEST PROCEDURE

5.1 DESCRIPTION OF PUMP UNIT

The details of the unit used are shown in Figure 1.

The essential elements include:

1.
2.
3.
L.
5.

7‘
8.

Impeller with 40 radial teeth. D = 7.50"

Casing with a half-torus channel, 2" dia.

Support plate for casing, serving also as back cover.
Four radial seals with a running clearance of 0.008.
Axial iﬁlet made of cast plaster of FParis according
to dimensions given invéppendix (k-2 ). K separate
view of the inlet is shown in Figure 2

Stripper or septum region made of cast plaster of FParis.
Axial outlet vort made of cast plaster of Paris

Clearance between impeller face and casing 0.004 % 1w

5,2 INSTRUMENTATICN

The instrumentation installed on the unit included:

1.
2.

Venturi tube with inclined manometer at inlet.
Static pressure taps connected to a water manometer.
Tap locations are shown in Figure 1

Cradled dynamometer (electric) rated at 2.62 in.-
1b. torque. Sliding weight on & calibrated arm
meésured the torque.

Commercial strobatac to measure speed of rotation.
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5.3 TESTING PROCEDURE
Air was used as the pumping fluid. Tests were made aﬁ a
constant speed of 1000 EPM which is the speed for which the
inlet was designed, and over the whole range of (f = Q/QS.
Chech runs were also made for points in the vicinity of the
iniet,design conditions.
In obtaining the experimental data, the following procedure
was followed:
1. The through-flow was measured by a Venturi meter, and
was controlled by a gate valve located at the exit.
For very high flow rates, above the design point, the
use of a vacuum cleaner had to be used, in order
to "help" the fluid to overcome the friction losses
in_the piping outside the channel. |
2. Pressure variation in the channel were measured by
water manometers connected to the taps.
3. The torque measurement was by means of a dymamometer
with calibrated arm and sliding weight. The
dynamometer was adjusted so that it measured absolute
torque.
L. Opeed measurements were made with a commercial
strobatac, and the control of the speed was by means

of a Variac.




6. DISCUSSION OF RESULTS
6.1 FPRESSURE VARIATION WITHIN THE PUMP

The experimental results obtained for the punp unit
after the new inlet design was put in are shown in Figure 5
And tor comparison Figure 4 shows the results obtained before
the new inlet was put in. It should be noticed however, that
in Figure 5 the pump speed is 1000 RPM, and in rlgure L ,
990 RPM, and since it has been found that little change in
speed makes quite a difference in the pressure variation for a
given flow rate, precaution should be taken in making a com-
parison, so that only a qualitative analysis can be made.

In Figure 5 , the heavy line represents the pressure
variation at the flow rate for which the new inlet was de-
signed. The lighter lines are flow rates other tnan design.

The pressure {in inches of water) is plotted versus the dis-
tance along the channel ( in degrees). Location of taps is also
'shown. Tap 1, according to the new inlet design, is located

at the end of the inlet region, i.e. at ©@=0,= Rl 2° There-~
fore according to the proposed model, at this point the circula-
toryflow should be fully developed and consequently the pressure
rise should be constant from this point on along the channel.
This implies that starting at tap 1 the slope of the Pressure
distribution line should he constant. This means that if the
pfoposed model were to be in agreement with the actual flow

patiern in the inlet region, the pressure distribution along
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along the channel for points after tap 1, should be a straight
line for the flow fate for which the inlet was designed.

A look at the heavy line on Figure 5 , which corresponds
to inlet design conditions, showssthat the constant pressure
rise characteristic of the fully develepéd circulatory flow
starts at tap 3, and between taps 1 and 3 there is an acceler-
ation region in which the rate of pressure rise is increasing.
From this experimental fact, it can be said that the proposed
model is not quite in agreement with the actual conditions of
the pump.

‘It is important to notice however that some improvement
was achieved with the new inlet design because the curvature
of the pressure distribution line in the acceleration region
between taps 1 and 3 is only very slight. And if by extrapo-
lating the straight line for the pressure rise in the linear
region to tap 1 it 1s found that pressﬁre loss due to this
acceleration regioh is about. 0.1 inches of water which 1s only
about 7% of the total pressure rise across the linear region
between taps 1 and 10.

With regard to the predicted pressure drop across the
inlet region, it was not possible to check directly the pre-
dicted value calculated in the Appendix (£-2.4), since no
method could be devised for measuring the pressure at the
beginning of the inlet region (91=G»), however by extrapola-
tion of the pressufe distribution,line for design conditions

it can be said that the predicted value of (AP ) = 0.036 inches
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of water is within narrow limits a good approximation.
Comparison of the results in Figures 4 and 5 shows that even
though the improvement due to the new inlet design has not been
very large, some slight reduction in the length of the accel-
eration region was achieved. And this is not only true for the
new inlet design conditions, but in general for the whole range

of flows.
6.2 PERFORMANCE CONSIDERATIONS

In figures 4L and 5 , are shown the performance curves
for the linear region of the channel. Figure 4 represents the
results obtained before the néw inlet design was put in, and
Figure 5 1is for the new inlet design. In both cases the
linear region has been taken between taps 1 and 10,

In other words to correlate the results obtained before
and aftert he inlet was put in which were not taken under the
same conditions of operation, the results in Figure L and 5
are plotted in a dimensionless form. This is permissible since
the regenerative pump has been shown to follow the laws of

similitudel. The dimensionless parameters used are:

flow coefficient (f = & =
R(, Aw Qe
head coefficient 9 - _4H !
o dae weP e
power coefficient %TQP = eg\, LTD‘%‘
wl.
: P
efficiency Y\ = ﬁﬁflﬂ
W

Comparison of the results in Figures 4L and 5 s Shows that

the head coefficient is higher for any given flow coefficient,
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with the new inlet design. This fact could account for the
fact that the linear region considered includes part of the
acceleration region, and therefore if the acceleration region
was reduced with the new inlet it is reasochable to expect that
the head across the channel has been increased, and therefore
the head coefficient.

| With regard to the power and efficiency curves, the higher
powér and lower efficiency obtained with the new inlet design
cannot be very well accounted for. The author's opinion is
that this large discrepéncy is certainly not dﬁe to the changes
induced by the new inlet design, but rather due to errors
induced by the torque measuring device. The fact is that the
dynanometer used for this purpose underwent a'series of changes

in the period between which the two sets of data were obtained.




7. CONCLUSIONS AND RECOMMENDATIONS

From the preceding discussion it can be concluded that the
inlet designed on the basis of the proposed model of the fluid
mechanism in the inlet region of the experimental regenerative
pump in question did not accomplish the expected results.
However, some improvement was made in reducing the acceleration
regioﬁ. The author thinks that a further development of the
proposed model can bring definite improvement to the inlet
design since even though the present model was shown not to
be very satisfactory, the trend is that the line of analysis

followed was in the correct direction.
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0.840
1016
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3.8k
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0.7
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APPENDIX A-1
THE GIRCULATORY FLOW THEORY

The theory and derived expressions éxposed here are the
work of D.P. Dewittz, and are based on the theory proposed
by Wilson, Santalo and Gelrich% The following is only an

abstract and is by no means complete.
A-1.1 Theory of Operation. The fluid mechanism

‘The flow within the pump is described as a helical
motion by means of-two perpendicular components of velocity
at each point: the tangential component V¢ and the compon-.
ent Vc‘in the plané perpendicular to Vi. The two terms
introduced are:

(1) Tangential or through flow Q= LV{JA where &

is the cross-sectional area of the channel.

(2)  Circulatory or meridiorial flow: Q. with units

of volume rate per radian arc length.

The angular momentum of the flow is increased radielly
through the impeller due to the guidance of the impeller blades.
In the channel the flow loses angular momentum and thereby
supports a tangential pressure gradient in the channel. The
flow then reenters the impeller for another cycle. In order
to increase the tangential pressure gradient; the rate of

circulation must be increased and/or the tangential velocity
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of the flow entering the impeller must decrease. Reduction
of the tangential velocity will cause a smaller through-flow.

A-1.2 BASIC ASSUMPTIONS FOR ANALYSIS

:

1) Flow may be considered steady if time averages are
used for pressures and velocity.

’2)' Fluid is incompressible.

'3) There is no internal leakage.

L) All processes within the pump are adiabatic.

5) Characteristic flow is one dimensional in each
major direction (radial, tangential and axial).

6) Tangential pressure gradient is independent of radius.

K-1.,3 DIMENSIONLESS PERFORMANCE

The basic control volumes considered are show in
Figure A-1.

If we have:

T= Moo @ervan)

o (1)
= Nii (Acrvar) A
= Ui (2)

where is called the slip factor, and is a measure of degree
of guidance which the blade offers to the flow leaving impeller,
and is constant for a given pump geometry, and is measured
experimentally@ And is a factor which depends on the flow

as may be seen from equation (5).
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The flow rate capacity is defined as’ :

((Voda & eralip )
and if the maximum theoretical flow capacity (solid body
rotation) is defined as

Qg =z Re AW (4)
combining (3) and (4)

w = L [Re RL ] (5)
(p 2 264 + {250(
The derived equation for the circulatory flow is:

L B sz ULtY
Q.= E_{&tﬁw, —auP) - &) - (= ?} Ui (6)

then combining with equations (3) and (h) and (5)¢

9;_5— _ QL B 9

Qs A s/ /(C. %(Cz”‘f)(ﬂ
where . )

s ZJZ\Qe.(l .—2\ Co= £%§4(1‘+ ﬁ?u‘()

The derived equation for the Head rise, or Pressure coefficient

is: d ¢, o
Sr_ L ke Qc c, —
which comes from angular momentum relations.

A simplified angular moment relation, with the assumption

of no friction losses is:

5 ‘
%"éz QGA EJUQRO'-O(ULK] (s)

i
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APPENDIX A-2

CALCULATIONS FOR INLET DESIGN
A-2.1 CHOSEN DESIGN CONDITL ONS

These conditions are:

97 = %s = 0.7 The ratio of actual flow rate
' to solid body rotation of
channel area

N = 1000 RPM Impeller speed

w= 104.7 282 ' o ir veloci
Zge Impeller angular velocity

K-2.2 CALCULATION OF (& )¢

From equation:

= L Re 4 + Ri Oﬁl
Cp 2 e Q(,
and using values in Table I

(oL )g = 0.46
L-2.3 CALCULATION OF INLET ANGLE

At end of inlet region (6=05) we have:

e el o,
: 1<t

therefore the inlet angle is given by:

B =tant (e U = ()e Ry
Vi Qe

RiBi

Q¢ = __RiBi 2 Ri | | 2
—& e [ e di-0- R
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Qg = RgAW)
for the cho;ten design conditions and the values given
in Table I , the calculated inlet an:gie ise

B = 33.2°

4-2.3 CALGULATION OF LENGTH OF INLET REGION

From continuity

Q = BijRy ©x ( V )x average veloc:.ty = P Qg
across inlet region

and if this average velocity is approximated as:

(v Jay. ~ ﬂ‘X U )x AVE + (Vi)f-AVE

where
(o Uidyonu = %o Vi + 2 ﬂ_Qx)Cu
| »—1(\1 L&"Qﬁbac )

) \ R B

and

ecombining we obtain

(R 6,) = : ¢ 8s
\/U 2+ + 4 (%)

Then, substituting for the des:Lgn condltz.ans, and the constant

values in Table I, the length of the inlet region is

Ri Oy 1.35 inches

or
gx = 0.422 radians = 24.2°
4-2., PREDICTION OF PRESSURE ACROSS INLET REGIOF FOR DESIGN
CONDITIONS

If friction losses are n.eglected,, we have that for cir-

culatory flow in the channel the pressure difference is given
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by the relation

SJaE _:';,_ Efu Ro = % 0,@,]

If the flow would he fully developed circulatory flow
this expressz.gn would give the pressure difference without the
need of further int‘egration, because all quantities would be
constant. However, in the inlet region, f‘ollowing the conditions
of the model developed for the flow, we would have that as
well as OL vary as a function of O | |

Therefore, as an approxi-mation‘the average valutes of Qe
‘and ® will be used, and therefore the following expression is

obtained for the inlet r'egion between @=0 and 0O =0y :

'(AP) = £(§c€x:’ve Eon Ro - (()(U;)x_AV Qi]ea

or substituting
(), = L5 (8 [« Us Ro = (22.94)y; i o,

T g Re A
and solving this equat%.on for the design conditions and con-

verting units, the following difference in head across the
inlet region is obtained:
(AP), = 256 ft. of air

or

ae),

0.036 in. of water
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