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SYNOPSIS: In boiling water reactors water circulation can be maintained by us-

ing the feeding water as driving flow in jet pumps. The flow ratio of driven wat-

er/driving water may be 2-4.

A theoretical calculation shows that best efficiencies are received when the pres-

sure rise in mixing chamber and diffuser is 87% of the possible pressure rise

without losses and when the whole momentum at the entrance is exploited for

pressure rise. Best efficiencies are 35% at flow ratio 2, decreasing to 26% at

flow ratio 4.

Tests made at about 30°C and 21 0°C show small differences in momentum effi-

ciency, indicating that the friction losses are low. We can presume that the

velocity distribution is very non-uniform, with low velocity at the perifery.

ABREGE: Dans les piles a eau bouillante une circulation peut etre maintenu en

employant de l'eau d1 alimentation comme le flux actif dans les pompes a jet. La

proportion du flux d1 eau actionnee/d' eau actionnante peut e"tre 2-4.

Un calculation theorique a indique que les meilleures efficacites sont recues

quand 1' augmentation de pression dans la chambre de melange et dans le diffiseur

est 87% d'une possible augmentation de pression sans perte et quand toute la

quantite de mouvement a 1' admission est exploitee pour une augmentation de

pression. Les meilleures efficacites sont 35% S. la proportion du flux 2, dimi-

nuant a 26% a la proportion du flux 4.

Des essais faits a 30°C et 21 0°C ont indiques des differences petits d'efficacite

de La quantite de mouvement, indiquant que les pertes de friction sont faibles.

Nous pouvons supposer que la distribution de vitesse est tres non-uniforme avec

la faible vitesse a la peripherie.



1 . INTRODUCTION

Calculations and tests on water jet pumps for reactors have been made as

outlined in the synopsis. Best efficiencies are 35 and 26% at flow ratios 2 and 4

respectively.

2. NOMENCLATURE

dens ity

volume flow of water

.elocity of water

momentum

area

pressure drop of driving water

p-,

Indicies:

1 driving water

2 driven water

q

w

I

A

p.

q l
x - — (flow ratio)

V2y - at entrance (velocity ratio)

P2z - — (pressure ratio)

, j . . 11. = momentum efficiency
pressure rise of driven water i '

T) = x • z total efficiency

p . . pressure rise in mixing chamber

p_ pressure rise in diffuser
P T = PM P D U = 100%

real pressure rise

3. THEORY

In order to investigate the possibility of improving the received results

we shall define the momentum efficiency T]..

Momentum of driving water I. = p - q. • w.

Momentum of driven water I- = p • q_ - w,

r q2 W2>
Total momentum I = Î  + I2 = pqiW. + pq->w2 = pq.w. M + — . —-J

q2 W2We put x = y =
q l W l

I = pq]w1 (1 + xy)

Area of driving water A, - —6 1 w.

Area of driven water A, = ——
2 W2

0)

Total area A = A l 2 l / q2A, = — + - i =—L(1 +-Z .2 w, w2 w,V q,

(2)

Total flow q = qj + q2 = qj (1 + x)
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In the diffuser

1:2 we get a pressur

15
PD = 3Z"

Total pressuri

p T = PM + PD

P T =

This pressure

T\t= 100%.

The realpres

p , + the depression

We put ^ = s

pR =

The driving w

difference in mixin|



The biggest pressure rise in the mixing chamber with constant area and

without losses is achieved if the water velocity equalizes to a constant mean

value w.
x l v ' 1 + x

= w,

1 + x M + -v
Momentum = p • q • w = p - q1 (1 + x) • w — — = pq.w. v

1 1 + - ' ' 1 +*•
y y

Momentum drop in mixing chamber AI

(1 + x)2 r (1 + x
1 1 ] ' 1 +££ ' ] L 1 +££

y y

Pressure rise in mixing chamber = p . , = —-

(3)

w, y'

In the diffuser we assume a efficiency of 100%, with the diameter ratio

1:2 we get a pressure rise p n = yjr • p ^

15 2 15 2 f\ + x>12 ,c»

y

Total pressure rise in mixing chamber and diffuser = p_

2M+xy

y y T

This pressure rise p_ would be acMeved with the momentum efficiency

"Hj = ioo%.

The real pressure rise p_ is equal to the pressure rise for driven water
pw|

p, + the depression —,— at the beginning of mixing chamber.

P2We put — = z

p =p +
P W 2

 = P z + ^ l - y2 (7)

The driving water is accelerated by the pressure drop p^ + the pressure

difference in mixing chamber and diffuser equal to p^.
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= p , + p R =

pw.
- y ) =

P i =

p W l 1 - y 2

We now define 11. = or

(8)

y y

From eq. 8 we can easily derive that the total efficiency T\ = x • z is

17 I
(9)

4.

1 -

TEST ASSEMBLY

l +.
1 - V -

y
+ —

y

The test assembly is shown in fig. 1. The jet pump consists of entrance
to mixing chamber (1), mixing chamber (2), diffuser (3). The driving water
flows through a pump (4), a flow meter (5) and the jet nozzle (6). The driven
water flows through a electrical heater (7), a valve (8), a flow meter (9) to a
chamber (10).

The mixing chamber entrance (1) and the jet nozzles (6) are shaped as
cones with the angles 90 and 45 respectively according to the experiences of
Mueller [1].- Jet nozzles with the diameters 36, 30, 27, 24 and 21 mm have
been tested. The nozzles are connected to a movable tube. Before every test
this tube is moved so that the best efficiency is received.

When planning the tests, momentum calculations were made. It seemed to

be advantageous to p'erform the beginning of the mixing chamber as a cone with

decreasing diameter. Two beginning parts of the mixing chamber were made,

one conical with diameter decreasing from 81 to 75 mm and the length 110 mm,

one cylindrical with the diameter 75 mm. To this beginning parts the following

parts of different lengths with diameter 75 mm were connected.
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Two diffusers were tested, one with angle 3. 5° and one with 4. 5°, the
diameter increasing from 7 5 to 1 50 mm. The mixing chamber parts and the dif-
fusers were connected with stuffing boxes in order to get a convenient set-up.

In order to study the pressure r i se in mixing chamber and diffuser a great
number of pressure taps T, T. , was connected. The pressure rise p 7 for

driven water v/as measured between point T14 and T13 at the end of the diffuser.
The pressure drop p^ for driving water was measured between Tl 5 and T13.
The dynamic pressure in the tube at Tl 5 was added.

When recording a curve with different flow ratios the valve (8) was turned
in different positions. All tests were made with cold water, about 30°C, and hot
water, about 210 C.

5. EXPERIMENTAL RESULTS

The experimental results are brought together in table 1 . The points with
12 W2the best efficiency Tl are shown with the corresponding values of x = —, y =

P2 qi w i
and z = -=— with hot and cold water. The values of T\. are also calculated.

The first test was made with nozzle 30 mm and diffuser angle 4. 5 in or-
der to investigate if the mixing chamber beginning with a conical part with de-
creasing diameter is better than a cylindrical mixing chamber. The first tests
gave somewhat bet ter results for <-onical mixing chamber. However, the p re s -
sure measurements along the mixing chamber indicated that this difference was
depending on a contraction at the edge between the driven water entrance and the
mixing chamber. This edge was rounded, the efficiences increased and the-dif-
ferences between conical and cylindrical mixing chamber were very small.

The same resul t was received with diffuser angle 3. 5 (test No. 10-13). No
important improvement may be obtained with conical mixing chamber. Therefore
it v/as decided that the following tests would be made with cylindrical mixing
chamber.

These tests with nozzle 30 mm (ratio nozzle diameter/mixing chamber
diameter = 0.4) have obtained the following results. Best efficiency is received
at q,/<li = 2 . 0 - 2 . 2 . Best efficiency about 35% for hot water and 33% for cold
water. Length of mixing chamber in the order 420- 570 mm, corresponding ratio
length/diameter of mixing chamber = 5. 5 - 7. 5. The ratio w2 /wj = 0. 32 - 0. 35.

There is no significant difference between the diffuser angle 3. 5 and 4. 5 .
The best values of the momentum efficiency T|. are about 87% for hot water

and somewhat lower for cold water. This seems to be a high value. By searching
the optimal values of the different parameters it is possible that the best efficien-
cy may be increased. However, depending on the high value of T^ it is probable
that the improvement of 11 cannot be more than 1 or 2%. Therefore it was decided
to end the tests with jet diameter 30 mm.

Test No. 1 4 - 1 6 were made with jet diameter 27 mm. These tests gave T|i
about 87% and T\ about 34% for hot water. There is no significant difference be -
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tween mixing chamber length 420 and 570 mm.

Test No. 17-19 were made with jet diameter 24 mm. With chamber length

570 mm Tl. was about 87% and 1) about 26%. With chamber length 420 the result

was lower. This shows that with decreasing jet diameter the optimal mixing i

chamber length increases. Probably an increase of the mixing chamber length

will increase the efficiency.

Test No. 20 and 21 with jet diameter 21 mm and mixing diameter length

570 mm only gave 1\. about 84% and T) about 27. 5%. Here it seems to be quite cer-

tain that an increase of the mixing chamber length will increase the efficiency.

However, the best efficiences received by Mueller [l ] are a little higher

than those in these experiments. According to the dimensions of the Mueller

equipment the flow ratio x = — seems to be lower than 2. To get a comparison

test No. 22 and 23 were made with jet diameter 36 mm. Without searching for

optimum parameters the efficiency T\ = 36% and 11- = 85% was obtained at flow ra-q̂  i
tio x = — =1.6- The mixing chamber length is 320 mm or ratio length/diameter

IT
= 4. 3. Therefore we can assume that these measurements are comparable with

Mueller's.

As a summary of table 1 we can assume that with sufficiently many tests

we should get a momentum efficiency T\. = 87% independent of the ratio jet diam-

eter/mixing chamber diameter. This seems to be unexpected. It could be ex-

pected that with decreasing ratio jet diameter/mixing chamber diameter "!\.

would decrease.

However, depending on the complicated connection between T̂  and 1) (eq. 9),

the total efficiency T| decreases with decreasing ratio jet diameter/mixing cham-

ber diameter. This seems to be depending on the fact that at best efficiency the

ratio y = w,/w. is also decreasing.

Therefore it is interesting to investigate how the momentum efficiency

varies with the driven mass flow. As examples the tests 23, 13, 15, 18 and 20

are shown in diagram 1 - 5. Curves for pressure ratio P?/Pj efficiency T] and mo-

mentum efficiency T|. are drawn as functions of mass flow ratio q^/ii f° r cold

and hot water.

"Tie curves P2 /P^ a r e approximately straight lines and therefore the effi-

ciency curves 7\ approximately are parables. The curves 11. begin with embarass-

ing high values at q2/q1 = 0, then fall steeply and perhaps rise a little at highest

flow ratio.

The very high values of T̂  at low flow ratios require a special explanation.

When the expression for T). was derived we assumed that the velocity w, is uni-
1 Cm

form at the entrance. At q^ = 0 this implies that the water around the driving jet

would be stagnant. This naturally is impossible. Near the jet water is flowing in-

to the mixing chamber and it returns near the perifery. This flow gives an addi-

tion to the momentum which is not accounted for in the calculation.

Furthermore some nozzles, which divide the water in several jets, have

been tested. Thes
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been tested. These give much Lower efficiency than the single-jet nozzle.

b. 1 Waat is happening in the mixing chamber

Some pressure taps are placed along the mixing chamber in order to inves-

tigate the pressure rise. In diagram 6 the pressures along the mixing chamber

are shown for cold water at tests 7, 15, 18, 20 and 23. These tests are made in

the neighbourhood of the maximum efficiency. Pressure zero is the pressure of

driven water at point T14 (fig. 1).

In the first 60 mm of the mixing chamber wa get a very big pressure rise.

However, if we for test 7 calculate the pressure at the beginning of the mixing

chamber assuming a constant velocity the pressure would be -8. 5 meters of H-,O.

The measured pressure is -12. 2 m of H,O depending on higher velocity at the

perifery. After 60 mm the pressure is -8 m of H,O which means that the pres-

sure rise only is slightly more than what would be obtained by equalization of the

velocity of the driven water.

For the jets 21, 24, 27 and 30 mm the pressure curves are similar. For

the jet 36 mm the pressure rise is less.

5. 2 What is happening in the diffuser

Seven pressure taps are placed along the diffuser, dividing it into six parts.

The pressure rises in these six parts are measured in the neighbourhood of the

maximum efficiency. Table 2 shows measured pressure rises for test No. 23, 7,

15, 18 and 20 for cold water. As a comparison the pressure rises with uniform

velocity distribution and diffuser efficiency 1 00% are calculated. In part J the

measured pressure rises are considerably lower than the pressure rises atT] =

= 100%. Of the other 25 points the measured pressure rises are higher than the

pressure rises at7] = 100% in 21 points.

In a common diffuser the efficiency of the several parts decreases depend-

ing on an increasing nonuniformity of the velocity distribution. In the jet pump

the diffuser seems to work in completely opposite manner. In the first part the

efficiency is obviously low, in the following parts the efficiency is commonly

more than 1 fO%. This shows that in the first part the velocity distribution is

growing more uneven, in the following parts it is equalizing.

It is intricate to explain this phenomena, but the high diffuser efficiences

- 100% at jet 36 mm to 87% at jet 21 mm- indicate that the velocity distribution is

very uneven at the beginning of the diffuser. It seems probable that the change

from the mixing chamber with constant diameter to the diffuser with the angle

3. 5° or 4. 5° is too sudden. It seems probable that a jet pump with a mixing

chamber with constant area, a diffuser with a very little angle, perhaps 2 , and

then a diffuser with 3. 5° or 4. 5° would give a higher total efficiency.

6. DISCUSSION OF EXPERIMENTAL RESULTS

When comparing the values of "!\i in table 1, we see that the differences be-

S 3



tween hot and cold water are very low. Commonly the difference is between 0

and 2%. Yet the ratio of kinematic viscosity at 30°C and 210°C is 5.2:1 . There-

fore it is probable that a relatively little part of the momentum losses depends

on friction losses.

The conical mixing chamber caused an improvement by decreasing the

maximum velocity of driven water in the entrance. But that improvement is con-

centrated just to the beginning of the mixing chamber. An optimal conical mix-

ing chamber must be much shorter than 11 0 mm. It was no point in making more

tests with this long conical part.

The tests show no pronounced difference between the diffuser angles 3. 5

and 4.5°. It is probable that with more narrow steps of the mixing chamber

length the best values of Tl and T\. would increase and a difference between the

angles 3. 5° and 4. 5° would arise. However, the Mueller [1 ] experiments show

that, tlie efficiency curve as function of the mixing chamber length is very flat

b. <• jund the maximum value.
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Table 1 .
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Fig. 1. Teet assembly

1 . Entrance
2. Mixing chamber
3. Diffuser
4. Pump
5. Flow meter
6. NozTBle
7. Heater
8. Valve
9. Flow meter

1 0. Chamber

Diagram 1 . - Hot Cold
Test 23. Nozzle 36 mm
Mixing chamber 420 mm
Diffueer 3.5°

Diagram 2. - Hot Cold
Test 13. Nozzle 30 mm
Mixing chamber 420 mm
Diffyser 3.5°
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Diagram 3. - Hot Cold
Test 15. Nozzle 27 mm. Diffuser 3.5
Mixing chamber 570 mm

0.1

Diagram 4. - Hot Cold
Test 18. Nozzle 24 mm. Diffuser 3.5
Mixing chamber 570 mm

11 3 3



Diagram 5. - Hot Cold
Test 5. Nozzle 21 mm. Diffuser 3.5
Mixing chamber 570 mm

Length of mixing chamber mm.

-12

Diagram 6. Pressure rise in mixing chamber cold water.
Pressure zero = pressure before entrance.

Test 23.
Test 7.
Test 15.
Test 18.

Nozzle 36 mm
Nozzle 30 mm
Nozzle 27 mm
Nozzle 24 mm

Test 20. Nozzle 21 mm
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