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ABSTRACT

This report describes the development and testing of a jet mixing
component, JETHIXER, for RELAPS. When the jet mixing component is used
the momentum equations are modified to reflect the additional momentum
flux terms that result from the one-dimensional mixing of two parallel

fluid streams. The JETHIXER component is primarily intended to be the
basic building block used to model the jet pumps present in boiling water.

It could also be used to model the momentum mixing that takes place at
ECC injection points or for aspirators in steam generators.

For check out, the new JETMIXER component ic used, along with
standard RELAPS components, to model the 1/6-scale jet pump from the -

General Electric single loop test apparatus that was tested at the-

Idaho National Engineering Laboratory.
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Section 1

INTRODUCTION-JET PUMP PERFORMANCE

There are several components ! a typical reactor plant where the _

momentum effects due to the mixing of two parallel streams of fluid at
different velocities may be important. The primary component being the
jet pump in a BWR. In this component the pumping action is caused by
the momentum mixing of two fluid streams. Momentum mixing effects may
also be important at ECC injection points or for the aspirators present
in some steam generators. A new JETMIXER component was developed for

these cases and tested out for a jet pump. The remainder of this report
documents the jet pump application of the JETMIXER component.

lA. JET PUMP FLOW CHARACTERISTICS

Jet pumps are an important component in the design of boiling water
reactors-8WR (Figure 1). Jet pumps provide a simple virtually main-
tenance free efficient primary pumping system.

Under normal operating conditions, a jet pump operates with a high
fluid momentum in the drive line (Figure 2) generated by the auxiliary
recirculation pump. This momentum creates the necessary suction at the
nozzle exit plane to draw fluid from the suction region (the downconer
region in a BWR) into the jet pump. This suction flow then mixes with
the high speed drive flow in the mixing region. The high momentum
flow leaving the mixing section is converted to a pressure head in the
diffuser section.

i

Figure 3 shows flow directions under normal operating conditions (first
quadrant) and the five additional steady state flow regimes that could
exist within the jet pump under abnormal conditions. (Two other possible
flow regimes exists but they violate continuity assumptions for in-
compressible steady flow.)

It has been customary to identify jet pump operations in terms of two
dimensionless parameters. Theses are the M and N parameters defined

1
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as follows:

(1) The M - Ratio is the suction flow rate, W , divided by the
3

drive flow rate W ,1

M + W /W), (1.1)
3

(2) The N - Ratio (head ratio) is the increase in dynamic
pressure for the suction-discharge path divided by the loss
of dynamic pressure for the drive-discharge path,

e

2 2(P+%pv +pgh)0 - (P+%cv +pgh)g
( .2).

2 2
(P+%pv +pgh)) - (P+%pv +pgh)D

18. EXPERIMENTAL RESULTS

Figure 3 shows typical jet pump data in terms of the M-N parameters and
the associated flow regimes. This data is for the 1/6-scale jet pump

from the General Electric single loop test apparatus that was tested

atINEL(1].

Data was collected in all six of the operating regimes shown in Figure 3
but the data scatter was execessive for the positive drive / negative
discharge case. The experimental data analycis report [,1] indicated
that it would be inadvisable to use the M-N data base for positive

drive with M less than -0.8 for the development and assessment of analytic

models. We have therefore not plotted this data in Figure 3. The data
,

in Figure 3 will be used to test the JETMIXER component developed in
Section 2.

1 Subscripts j, S, D, are used to indicate variables defined at the
drive nozzle jet, the suction entrance, and the discharge at the
exit of the diffuser section respectfully. If the intended application
of the JETMIXER component is not a jet pump then the drive flow should
be the high speed stream and the suction the low speed stream. For
example, at an ECC injection point the injected fluid is the drive flow
and the main upstream flow is the suction flow.
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Section 2

BASIC JET MIXING MODEL

2A. MOMENTUM ANALYSIS FOR JET MIXING IN SINGLE PHASE FLOWS

To develop the momentum equations needed to model a jet pump we will
consider the schematic of the drive and suction junctions shown in
Figure 4.

Suction
K

Region S

V
KS

I
Y

3 S : y V

rV.
K. ; J

Dr. - Kj |
'Li
|

section 1 section 2

Figure 4. Schematic of Mixing Junctions

1
The drive and suction junctions should be the high speed and low
speed junctions respetively with the JETMIXER component is used for
other than jet pump applications.
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The suction junction (with velocity v and area A ) connects the lastg g

upstream suction region volume, K , to the mixing volume, L. Theg

drive junction (with velocity v and area A ) connects the last upstream
drive line volume, K , to the mixing volume, L. Figure 4 shows thej
drive junction as a smooth junction and the suction junction as abrupt. a

The user can model either junction either way if the appropriate
loss factors are included (see discussion in Section 5). Void fractions

and densities at junctions j or S when subscripted by a j or S are
donored valves. If the subscript a is used they are then volume averaged
values.

The mixing of the drive and suction flows between section 1 and 2
requires a re-evaluation of the momentum flux terms. The wall drag,
interphase drag, temporal acceleration, momentum exchange due to mass
transfer, and gravity head terms for the drive and suction junctions
are treated exactly as they are at any other junction. Only the pressure
and momentum flux terms will be examined in the following momentum
equation development.

Consider a control volume in the mixing region between sections 1 and
2. If we apply the conservation of momentum principle for this control
volume with the following assumptions:

(1) steady single phase flow,
(2) one-dimensional flow at sections 1 and 2,
(3) pressures at junctions j and S are equal, we obtain

(P -P)AL*DV(AL -OV^S-DjjA)=0. (2.1)v
L 1 SS

Conservation of mass applied with these same assumptions gives

A - D *S^S - Dj j^j = 0. (2.2)P *L L V
L S

We now use Equation (2.2) to write Equation (2.1) in its "nonconservative"
form, obtaining

7
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(P -P)+pvAg g g (v - v)/A VA (v -V j) / AL = 0. (2.>)y g L * Dj j l

Equation (2.3) gives the momentum equation (pressure and flux terms, that .

is) for the mixing volume. To develop the momentum equation for the
suction junction we write a normal half cell momentum equation from Kg
to section 1 1.e.

(Py-PKS) * PKS (VS - NS)=0. (2.4)

and add this to the half cell momentum Equation (2.3) for section 1
to L. This gives

(P -PKS) + KS (VS - VKS}P

+pvAg g g (vl - "S) / AL * Dj#j j ("L - #j) / AL = 0. (2.5)A

If the suction junction were a normal junction its momentum equation
would be

L Sa(Vf-VKS) = 0. (2.6)(P -PKS) + P

A completely parallel development is obtained for the drive junction
equations. Comparing Equations (2.6) and (2.5) shows how the convective
terms are modified at a suction or drive junction due to the mixing

that is taking place there.

28. MOMENTUM ANALYSIS FOR JET MIXING IN TWO-PHASE FLOWS

If a similar development is carried out for the pressure and momentum
flux terms in the two-phase case the following equations are obtained
for the liquid phase in the mixing region:

(1) Conservation of momentum (for section 1 to L)

8
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"fL L ( L - P ) + afL fL fL LA 0 V Ay

(2.7)
- "fS fS fS g -ogjgjfjj=0, .O V A p v A

(2) Conservation of massI (for section 1 to L)

O V A V A = 0. (2.8)0 V A"fL fL fL L - "fS fS fS S - "fj0 j fjf

We now use Equation (2.8) to rewrite Equation (2.7) in its nonconservative
form

.

"fL (P( - P ) + "fS fS fS g (vfl fS) / AL1 O V A -V

+ ogj gj gj j (v7 7)/A = 0. (2.9)p v A -v

Equation (2.9) could now be combined with the appropriate half cell
momentum equation for the upstream volume to obtain the final momentum

equation for the liquid flow at the suction junction. In RELAPS the

phasic momentum equations are used as a sum momentum equation and a

difference momentum equation. We will derive these equations directly
from Equation (2.9).

To derive the suin momentum equation for the suction junctian we add
Equation (2.9) for the liquid phase and the parallel equation for the
gas phase to obtain

(P -P)+4 73 73 73 g (vfl - VfS } ! ^L + a ) pp v A gj 73 j (v fj) / Av A Vy -

7 fL L

* "gS gS gS^S (V4 gS) I AL+ gj gj gj j gL gj) ^L = 0.0 V -V V A -V

(2.10)

I As stated before, the momentum equation terms due to mass exchange are
'

not being changed by this model addition, so the mass transfer termsi

in Equation (2.8) are not shown.

9
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The normal half cell sum momentum equation for the upstream suction
volume can then be added to Equation (2.10) giving

.

- # j) / Agj 73 j (vfS) / At + a 3p v AKS) * "fS fS*fS S (*fL(P -P O A -V
f LfL7L

+ "gS gS*gS S (#gL - * S) / AL * "gjP j*gj^j (*gl - * j) ! ^LP A
g g g

"gKS gKS (*gS - *gKS) = 0. (2.11)fKS fKS (#fS - #fKS) ++% PP

as the final form o' the pressure and momentum flux terms in the new sum
momentum equation to be used at junction S. A parallel equation must
be used at the drive junction J. The pressure term in this equation
is in exactly the same form as the pressure term in the normal sum
momentum equation. Hence at the drive and suction mixing junctions
we must replace the normal momentum flux terms by those in Equation

(2.11).

To derive the difference momentum equation for the suction junction we
divide the liquid mixing Equation (2.9) by a and add it to the halffL
cell liquid equation for the upstream suction volume (also divided by

the appropriate void fraction, aggg) to obtain

7j) / agt LfS) / "fL L + "fjPd*fj j (v AA A -v
KS) + "fS fS*fS S (*fL - #(P -P P A 7

+% ppg 3 (v73 -vfKS) = 0. (2.12)'

We now divide Equation (2.12) by the average junction liquid density,
and subtract it from the corresponding gas equation to obtainpg,

10

a



l
"

. . .
.

Or - p
(PL-Pgg) + a gs S (Vgl - * S) ! "gl 90 ^LAg vgg gg gog p

gKS(*hS-*gKS)!O ~+"gj0 j*gj^j ("gl - * j) ! "gl g L +0 A Og g g

fS fS*fS S (*fL - VfS) ! "fL f L - "fj0 j*fj^j ("fj - #fj) ! "fL f^LO A 0 A f 0~

-%D gg (vgg -vfgg)/07 = 0. (2.13)7

as the final difference momentum equation to be used at junction S.
A parallel equation must be used at the drive junction. The pressure
term in Equation (2.13) is in exactly the same form as the pressure
term in the normal difference momentum equation. Hence we must replace
the normal momentum flux at these junctions by the momentum flux terms
in Equation (2.13).

2C. ASSOCIATED FLOW LOSSES

The flow taking place in the " mixing" region of volume L can in reality
be either a true jet mixing, corresponding to regime 1 in Figure 3, or
a flow split corresponding to regime 4 in Figure 3. The flaw separation
case is governed by different physics than the jet mixing case considered
in the previous discussions. The redistribution taking place when the
flow splits is primarily determined by the effective resistances downstream

of the separation point in the suction and drive flow paths. The mixing

terms derived above do not apply. For this reason and to preserve
continuity on the respective performance curves in Figure 3 we apply the
additional mixing terms only for the positive drive flow regimes. We
use the normal momentum flux calculations for the negative drive flow regimes.

The junctions associated with the JETMIXER component can be modeled as

smooth or abrupt. If the junctions are input as smooth then the appropriate

flow resistances should be calculated in a standard fashion (see Reference
[2]) and input as form loss coefficients at the appropriate junctions by

11
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the user. The junctions in the test calculation were modeled in this

manner. (See the detailed discussion and user guidelines in Section 5).
If the junctions in the JETMIXER component are input as abrupt then the
code will calculate form loss coefficients as usual except that (1) the

forward loss coefficients at the drive and suction Junctions are set to -

zero. The forward losses at these junctions are really associated with
the expansion from the vana contracta to the downstream mixing volume flow
area. Because of the parallel mixing streams this loss is no longer
appropriate. (2) The reverse loss coefficients for the suction and drive
junctions are those associated with the expansions from the junction areas
to the suction or drive inlet volume areas. The losses associated with
any contraction from the mixing volume to the suction or drive junctions
is also neglected for the same reason.

If one considers a typical BWR configuration (Figure 1) then two jet pump
related accidents that must be considered are (1) loss of power for a
recirculation pump and the resulting pump coastdown and (2) blowdown
resulting from the rupture of a drive line. In the first case as the

drive flow declines, so does the head developed by the pump and eventually
the suction flow reverses. The pump is then operating in flow regime 2.
In case 2 the jet pump will be operating in flow regime 5.

If normal flow losses are used in these two cases (as described above for
smooth or abrupt area changes) it will be found that the jet pump performance
in regime 5 is accurately modeled but that the N Ratio in flow regime 2
is significantly below the experimental data. The reverse flow loss
coefficient applied in the suction junction has a significant effect on the
jet pump performance in flow regimes 2 and 3. This icyc coefficient

(in addition to the normal loss coefficient associated with the expansion

from A to area AKS) represents all the irreversable losses associatedg

with the turning and expansion of the flow from the drive junction.
Because this flow regime is an important regime in the accident analysis
of a BWR it was decided to include an approximation for this flow dependent
loss in the jet mixing model.

This reverse suction flow 1 css was based upon the expansion losses

12
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experienced by the flow as it moves from the drive to the suction junction
(Figure 5). In regime 2 the expansion loss associated with the area
change A to A i.e.g

K = (A /A) - 1)2 (2.10 ~

g

is added to the user input reverse loss coefficient (or the standard abrupt
area change loss factor if the junction is input as abrupt) for the suction

junction. In regime 3 the effective area for the suction flow that comes

from the drive junction is less than A because the discharge flow hasg

reversed. In this regime the effective areas for the expansion loss are
g(|W/W|). Hence for regime 3 the loss coefficientA and A 3 g

K-( - i): (2.10-

A.
J

is added to the user input reverse loss coefficient (or the abrupt area
loss factor if the junction input is abrupt) at the suction junction

/

: A / A 'sg e g

p N: <

\: A. A-
J ' t

J \

Regime 2 Regime 3

| Figure 5. Flow Regimes and Dividing Streamline

I In reality the expansion loss should be based upon the effective area
change A (W /W)) to A . This form gives an infinitely large loss| j 3 3
coefficient when W = 0 and approaches Equation (2.14) when W and Wg

'

are the same order. A kink in the performance curve at M = 0 was removed
using Equation (2.14).

1

l

|

13

dt



(- ,

'

. .

solongasA|W/W|isgreaterthanA. IfA|W)/W|1slessthan3 3 g j j g

A the drive to suction flow is effectively a contraction and the additionalj
loss coefficient is set to zero.

.

Since the jet mixing and effective resistances are handled with special -

terms in the suction and drive junction equations the normal losses
associated with the partitioning of volume L are not included in these
junction equations. The normal losses associated with the area ratios

experienced by the flow upstream of the suction and drive junctions are
. retained in the junction momentum equations.

,

14
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Section 3

NUMERICAL IMPLElENTATION AND CODING CHANGES
_

The basic numerical algorithm used to evaluate the new momentum flux

terms in Equations (2.11) and (2.13) is exactly parallel to the numerical
evaluation of the normal momentum flux terms. The present momentum

flux terms are calculated explicitly at time level n in the subroutine
VEXPLT. The new momentum flux terms in Equation (2.11) and (2.13)
are also explicitly ovaluated in VEXPLT. The spatial location of each

variable is indicated by its subscript.

When Equations (2.11) and (2.13) are examined it is found that the momentum

equations for the suction Junction S require a knowledge of the drive
junction properties and velocities (a parallel statement holds for the

,

drive junction momentum equations). In the present VEXPLT, when we are
.

calculating the momentum terms for junction 1, we have no available
indices to obtain the properties at any other junction. For this reason
it was necessary to define a new component, JETMIXER, and to require
the user to input the drive and suction junctions in this component in -

a pre-assigned order (for details of the input preparation' see section 5).I
Because VEXPLT already contains an outer component loop (with an inner
junction loop) no new structuring of the loops in VEXPLT was required.
The special terms in Equations (2.11) and (2.13) are then easily built
in VEXPLT when the component being processed is a JETHIXER and we know

that the first junction in this component is the drive and the second

is the suction.

The additional loss coefficients in Equations (2.14) and (2.15) are
calculated in VEXPLT immediately following the special momentum flux
calculations.

The added mass terms and any stratified flow forces that could be in-
advertently included in the drive or suction junctions are set to

The drive junction must be the first junction input for a JETMIXER
component and the suction junction input must be the second junction
data input.

*'15
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zero in the same section of coding. A Fortran listing of the appropriate
section of VEXPLT showing these changes is included in Appendix A.

.

The only other routines modified are listed below with the appropriate
changes noted:

HLOSS - several lines were added to flag a JETMIXER component and

in this case to slip the normal loss calculation. See Appendix B

for Fortran lisiting of appropriate changes.

R8 RANCH - input checking and messages were added to see that the

drive, suction and discharge junctions of the special JETMIXER
branch component are properly connected by the user. Section 4
gives the input requirements and input error messages.

No new array variables were added to the code. Several local variables
are used in the special section .of- coding for a JETMIXER component in
VEXPLT. The only local variable used outside of this region of coding
is FJET which contains the special JETMIXER resistance coefficient
for reverse suction flow.

16
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Section 4

INPUT PREPARATION AND OUTPUT CHANCES

The component name JETMIXER has been added to the component names that
'

can be used. The input for a JETMIXER component is the same as that for
a BRANCH component with the following modifications:

(1) For a BRANCH component the junctions connected to that branch
can be input with the branch or as separate components. For a

JETMIXER three (and only three) junctions, representing the drive,
suction and discharge, must be input with the JETMIXER component,
i.e. NJ = 3. If NJ / 3 an input error message is printed.
(2) The three junction card sequences must be numbered as follows;
cards ccc1101 and ccc1201 represent the drive junction, cards
cec 2101 and cec 2201 represent the suction junction, and cards
ccc3101 and ccc3201 represent the junction in the mixing section.
(3) The drive and suction Junctions must be " pointing" into the
JETMIXER volume i.e. these junctions must have to connection codes
refering to the JETMIXER volume. If this is not the case an input

error message is printed. The drive and suction junctions must be
connected to the inlet side of the JETMIXER volume and the mixing
junction must be connected to the outlet of the JETHIXER volume.

If this is not the case an input error message is printed.

Although the junction and volume areas for a JETHIXER are not restricted,
the JETMIXER will properly model a jet pump only if the drive and suction
flow areas sum to the mixing volume area.

There is no special output for a JETMIXER component.

17
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Section 5

APPLICATION TJ) JET PUMP MODELING
_

This section will describe the use of the JETMIXER component to model
the 1/6 - scale jet pump test at INEL [1] .

SA. MODEL DESCRIPTION

,

The model, as shown in Figure 6, has the following features:
(1) the suction region is represented by two equal volumes

2(A = 5.088E-3 M , L = 1.6 M) with the suction junction modeled as
smooth.

2(2) the drive line is also represented by two volumes (A = 7.26E-4 M ,
L = 1.6 M) with a smooth drive junction .

2(3) a mixing section represented by two similar volumes (A = 6.60SE-4 M ),
The first is a JETMIXER component and the second is a normal volume.
(4) A three volume diffuser PIPE (L = 4.26 M) component followed

2by a normal volume (A = 40.7E-4 M ),

The drive and suctions junctions could be modeled with smooth or abrupt
area changes. If they are modeled as smooth junctions then the appropriate
forward and reverse loss coefficients must be user input. Runs were

made both ways with basically the same results. The use of smooth

junctions gives the user more explicit control over the resistance
coefficients and for this reason was used below. -

The resistance coefficients used were calculated in a standard fashion
from reference [2] for configurations similar to those of the jet pump.
These additives resistance coefficients were taken as turning losses in

the drive line (K = 0.42) entrance (K = 0.02) and exit (K = 1.0) losses
in the suction junction, mixing (K = 0.07) and diffuso; losses in the
primary piping, and a reverse flow exit loss in the drive line. The

expressions used for calculating the loss coefficient in the diffuser
~ ~

section were -c- ~

4

1 %,

18 -

,

'4 "
.

- -



)
. .

.

|
Suction -

| Flow
A' /
f I

i
-

i /
I

_ _

|

l
_

aL e
-

. - - ._-

o
I N

IDrive
Flow

,

____

Jl

.e
_._

c-
N, .-

I

--- _

t

'Il f

h
C

y .

w

! Discharge
| Flow

/

I
1 Figure 6. Schematic of Jet Pump Model'

1
i
,

19
1

h -- 'I -
, _ _ . - _ _ - _a_

#
__



*
f %

' '

y i
. .

;
,

[
2? K = 0.8 sin 0(1-3 ) . (for contraction) l (5.1) / '

sc
3 8,4

, - . \*
>

,

ano > -' s
%'>

w

* 5,

s
,

2 y

K, 2.6 sin 0(1-3 )2 (for expansion), (5.2) y,

3. }
'-

l'where S 1s.the area' contraction ratioj and e is the ' half-angle of contraction.2 *

For this specific pump these evaluate oK = 0.0337 and K = 0.0919.
c e

The contraction' loss associated with the' drive nozzle was set to zero. '

iThis.lossisreallyascociatedwiththpexpansionbeyondthevena- Y

contracta point. For the merging of, t'uo streams taking place in the , jet -

pumpitwasfeltthatthisexpan$ionlosswasnctreallypresent. For 3

reverse drive flow Equation (5.2) was used wit.h a resultirq K, =; 0.238.
f \

'

^

58. BOUNDRY CONDITIONS' S
' '

,
.

To generate a point on the performance curve a transient was run to steady,,

" state. The boundry conditions use'd were: ' \'

(1) Diffuser discharge pressure,, P = 75.85ES Pa. '
('2 ) Two drive mass' flows 13.0611Kg/s (volumetric , flow 1'4.1/s) tj

j vith temperature T = 555.00K'.
7

(3) The suction inlet mass flews were varied between -3.048Kg/s '
'

s

7

(M = .986) and 9.907kg/s (M = 3.22) with I + 555.00K. A flow
u

rate was imposed at the suction inlet because.in this way a
whole' performance curve could be , generated with a single
computer'run using a time dependent inlet flow table. Several

a
points on the M-N curve were then rerun with the appropriate

l'

pressure boundry conditions replacing the imposed saction mass
flow. Therewasnochangeintheprechetedresultsusingthe

,

pressure boundry conditions.

SC. CODE PREDICTIONS

Figures 7 and 8 shows the code predictions compared to the experimental
data. Figure 7 shows the basic agreement in all four quadrants. A curve
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is also plotted showing the disagreement that existed in regime 2
before the reverse suction loss coefficient described in section 2 was
included.

Figure 8 shows an expanded view of the normal operating region with several -

curves representing different flow resistances. This figure can be used
1

as a guide for modeling different jet pump geometries. Each curve shows
the M-N performance generated with the loss coefficients discussed above
plus a single additional loss coefficient (K = 0.2) added to either the
drive or suction or mixing junction. This figure gives an indication

of the quantitative ' change in performance caused by the respective drive,
suction or mixing losses. Using this figure, one should be able (with a
few preliminary code runs) to design a code model for his specific jet
pump if he has the performance data available. If no specific performance
data is available it is recommended that the standard losses used above
be applied.

There is no special output printed for the JETMIXER component. It is

recommended that control variables be used to set up the M and N parameters

for minor edit purposes and that these parameters be printed with every
edit. A listing of the input cards used to generate the positive drive

flow branch of the M-N curves is shown in Appendix C. This input data

also shows an example of the use of the control variables to print out

the M-N performance parameters.
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