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TESTING OF OMACON-TYPE LMMIID POWER CONVERSION SYSTEMS

* Optimized Magnetohydrodynamic Conversion System (OMACON)

Fig. 1 Schematic of optimized magnetohydrodynamic conversion system

(OMACON)
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GOALS

Verification of computer-code assumptions
. Flow phenomena
Flow pattern
Void fraction and slip
Two-phase flow friction
Separation

. MHD Generator performance

Assessment of computer code simulation

General observations
. Start-up and shut-down procedures
. Continuous system and components performance

. Maintenance and failure analysis
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Advantages of the OMACON system

Eliminate the critical, high-loss components in the two-phase

flow generator MHD system, namely, the two-phase nozzle,

separator, and diffuser.

Facilitate ultra-simple start-up, operation and shut-down.

Eliminate two-phase flow limitation of MHD generator

performance and hence overall system performance.

An 80-85% efficient single-phase MHD generator can be

achieved and designed with confidence from the data base that

exists today.

The single-phase flow through the MHD generator facilitates

the use of low-field, low-cost magnets.

The high electrical conductivity single-phase flow through the
generator makes possible the use of an ac induction generator

to produce ac power directly, eliminating the inverter and

replacing the magnet with a conventional type of coil system

found in electrical motors.

The overall system can be designed to have low kinetic energy
(frictional) losses, thus maximising performance potential.

Since the fluid passing through the generator is single-phase

and at constant velocity, a high electrical efficiency generator

design can be utilized.

Electrical parameter fluctuations caused by two-phase flow instabilities
in the generator are eliminated.

The system can be operated as a Rankine or Brayton cycle and be
readily adapted to various temperature ranges applications by proper

selection of the working fluids.
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Multistage OMACON system

STAGE STAGE STAGE

Fig. 2 Schematic of multistage OMACON system
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Fig. 3 Schematic of HR-4 experimental facility
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Schematic of ETGAR-3 experimental facility

Fig. 4
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*  ER-4 system parameters

High temperature in cycle:

Low temperature in cycle

Mixer Pressure

Thermal Input

Liquid metal mass flow rate
Volatile liquid mass flow rate
Average void fraction in upcomer
Effective height of the system
Upcomer diameter

Downcomer diameter

MHD generator channel width
MHD generation electrode spacing

Magnetic field

* ETGAR-3 system parameters

High temperature in cycle:

Low temperature in cycle

Mixer Pressure

Thermal Input

Liquid metal mass flow rate
Volatile liquid mass flow rate
Average void fraction in upcomer
Effective height of the system
Upcomer diameter

Downcomer diameter

MHD generator channel width
MHD generation electrode spacing

Magnetic field

431.3 K
338.6 K
5.34 Bar

7.0 KW
65.77 kg/sec
0.0026 kg/sec
0.3

5.0 m

0.078 m
0.078 m
0.02 m

0.10 m
0.80T

423 K

338 K

4.9 Bar

97.5 KW
435.2 kg/sec
0.0303 kg/sec
0.4

7.5 m

0.203 m
0.203 m
0.06 m

0.15 m

0.73 T
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Fig. 5 ER-4 generator assembly


https://edx.netl.doe.gov/dataset/seam-24

SEAM #24 (1986), Session: Closed-Cycle/Disk Generators

ETGAR-3 MHD channel assembly

Fig. 6
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Data analysis (for OMACON system)
Two phase flow analysis

- Upcomer analysis

Momentum equation:

dp dp dp dp
dT ' 377 +d~T + é&rft

where the gravitational component:
d r 1
3pz = L (1-CX) PL + XPg J*g Q)

The accelerational component:

dp (mTF’\ \ d p (x)2 | X2 A 3)
dT L 0-OPI + aPG J
And the frictional component:
dp = 2 . /"P\
Yo , 4)
dzfr - az frio
The Friedel (1979) correlation for the multiplier:
3.24 -F-H
E + (5)
p 0.0454 . vu 0.035
1r vV C

10
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where:
E = (I-X)2 + X2 -(p LUpG) - (fFGO/fLO) ©)
F = X078 * (1-X)0224 %)
H= (PLPGOIl -(Pc/P,/19" (I-pGpL)07 (8)
Fr= (mxp/A)2 / (g-D-p2Tp) )
w e= (mTp/A)2 *D/(pxp.o) (10)

The two-phase density:

Pt p = f(1-X)/pL+ X/pG)]s (11)

The mixture quality:

X mG(mG+ mL) (12)

and the gas void fraction

a =pL*X/ ( pL*X+ S-(1-X) pG) (13)

11
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In case of non-complete separation (carry-under phenomena):

The void fraction at the downcomer is to be evaluated.

Downcomer carry-under analysis

Momentum equation

dp dp dp dp

dz Azgr  "zacc Nzfr

where the three right terms are similar to the upcomer.

12
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By integration of equation (14) between two points:

p2-pi=[(I-oc)P1 +apG]eg*AZ - ()LO2 « APfrLO -

- (mTp/A)2 + (1-X)2 + [1/(1-a2) - 1/0-0Cj)] / pL

The unknown parameters are: a, al;a2,mTp and ()LO2-

It is possible to determine these variables in terms of x:

The average void fraction:

a =(1/AZ)J adZ
Zi

by substituting the definition of a from equation (13)

and the correlation for slip (Petrick, 1963).

a - (X/1-X)08 « (Pj/pj) (P202 - Pj02)/

L0.126-AZ g » (VL02/ g-D) * pL02]

ocl=1/[1+(1-X) *S+pGl/ X *pL

a2=1/[ 1+ (1-X) S +pG2/ X *pL

The mixture mass flow rate, mTp, measured by venturi flow meter
and corrected to two-phase flow by an equivalent density pE

is suggested by Kinghorm (1985) to be:

/pE=[X/pG+S +(1-X)/pj *[X+(1-X)/S ]

13

(15)

(16)

(17)

(18)

(19)

(20)
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The multiplier 4102 similar to the upcomer correlated by Friedel (1979):

L2 = p (X) (21)

Equations (15), (17), (18), (19), (20) and (21) are solved

by an interative process.

The output gives the gas mass flow rate at the downcomer:

mGD = XD *mL . (22)

The downcomer gas mass flow rate has to be added to the

boiler gas mass flow rate injected through the mixer:

ntCT - mGIl + mGD (23)

The new mixture quality in the upcomer is:

X = mGT/ (mGT + mL) (24)

For the upcomer, one-dimensional dynamical equation is solved by a
computer code, IDent. The output of this code is the void fraction as a
function of the position along the upcomer by inputs of measured pressure

along the upcomer.

14
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System Performance Analysis:

Total generator efficiency

AGEN.TOT =we/(Q'" gen) (25)

Electrical generator efficiency (excluding friction losses)

AGEN.e =w e/ ¢(AGEN " ~frGENA (26)

Theoretical generator efficiency, calculations based on

Sutton (1962)

Experimental cycle efficiency

r(EXp = We / HEAT INPUT (27)

Theoretical cycle efficiency calculated by computer code

"ETGAR 3~

15
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* Experimental Results:
. ER-4 System

Void fraction distribution along the upcomer. In Fig. 7 it is seen
that the void fraction increases with the height, and also that the local void
fraction increases with increasing of gas mass flow rate, at the same
superficial liquid velocity.

Average void fraction as function of quality at three different
elevations. From Fig. 8 it can be seen that the average void fraction increases
when the quality and height increases.

Comparison of experimental slip ratio with modified Smissaert
slip correlation. In Figs. 9,10 it can be seen that the local slip ratio increases
with the height, and decreases with superficial liquid velocity increase, the slip

ratio increases rapidly in the upper plennum of the riser.

Modified Smissaert correlation based on the following assumption:

S<1 S«=1
§>1 Sm “ SSmiss.

In the above figures all the local experimental slip values are greater than the
Smissaert correlation values.

Comparison of average experimental slip ratio with correlations
of Baroczy (1965) and Smissaert (1963) in the middle section of the upcomer
vs. quality. In Fig. 11 it can be seen clearly that the Baroczy correlation is
totally incompatible while the Smissaert correlation shows better agreement
with experimental values.

Deviation density of experimental slip to Smissaert modified slip

correlation. From Fig 12 it seems that the typical deviation of the Smissaert

correlation from experimental values is about 10%.

16
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Vlio* 0.78 Cm/3ec J

A- Mq *0.0026 [Kg/seel
o-Mgq *0.001© [Kg/secl

HEIGHT (M)

Fig. 7 Void fraction distribution along the upcomer
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A 303fm]< Z < 4.261m]
e 1.611m)Z~ 3.03[mJ
X 0.mri)4a z 4 161[[111

X__=--XIf X
FIIXK %
-3'
2 3 4
QUALITY- 105
Pig. 8 Average void fraction as a function of quality at three different

elevations

18
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Fig. 11  Comparison of experimental average slip ratio with slip correlations

vs. quality
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Y = (SLexrSLth.)/SLth.

Fig. 12 Deviation density of experimental slip to modified Smissaerl slip

correlation

22
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Electrical power output vs. gas flow rate with different magnetic
fields. As can be seen in Fig. 13 the electrical power output increases with the
gas flow rate and the magnetic field, up to an optimal value. It can be
explained that by increasing magnetic field, the friction losses decrease; on

the other hand, the slip ratio increases due to the superficial liquid velocity

reduction.

Total generator efficiency vs. liquid volumetric flow rate. The
generator total efficiency shown in Fig. 14 decreases with liquid volumetric

flow rate due to the increase of friction losses.

Electrical generator efficiency vs. liquid metal volumetric flow
rate. The electrical generator efficiency, excluding friction losses, is not
affected by liquid volumetric flow rate, as shown, and one observes good
agreement with theoretical generator efficiency calculated according to Sutton

(1962), as shown in Fig. 15.

Experimental cycle efficiency vs. theoretical cycle efficiency.

From Fig. 16 it can be seen that the agreement between experimental and

theoretical cycle efficiency improved at higher cycle efficiencies.

23
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GAS FLOW RATE[GR/SEC 1

Fig. 13  Electrical power output vs. gas flow rate at different magnetic fields
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Experimental cycle efficiency vs. theoretical cycle efficiency (ER-4)

Fig. 16

(96) A3N3I313J3 333A3 3tfiN3IAIId3dX3
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ETGAR-3 System
Total generator efficiency vs. liquid metal velocity in generator.
The generator total efficiency shown in Fig. 17 decreases with the
liquid metal velocity due to the increase of friction losses.
Electrical generator efficiency vs. liquid metal velocity in the generator.
The electrical generator efficiency excluding friction losses as shown in
Fig. 18 is not affected by the liquid metal velocity in the generator.
A good agreement can be observed with the theoretical generator
efficiency.
Generator voltage output vs. liquid metal velocity in generator.
In Fig. 19 a linear increase of voltage with the magnetic field and with
liquid metal velocity in the generator for different magnetic fields.
All curves direct towards the origin.
Electrical power output vs. gas flow rate with different magnetic fields.
As can be seen in Fig. 20 the electrical power output increases with
increase of steam flow rate, and with the magnetic field until an optimal
value. It is seen that the power output reaches an asymptotic value at
high steam flow rates.
Experimental cycle efficiency vs. steam flow rate.
Fig. 21 illustrates a high dependency of the cycle efficiency on the
steam flow rate. The efficiency decreases with the steam flow rate
increase due to the increase of the slip ratio. The experimental cycle
efficiency increases with the magnetic field up to optimal value.
Experimental cycle efficiency vs. theoretical cycle efficiency. From
Fig. 22 one can see that most of the experimental efficiency points are
lower than the theoretical points due to higher values of experimental
slips in the riser than those which were calculated, using modified

Smissaert correlation.

28
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10
.8 v
'V e
.6
Load Factor — 0.85
Gen. Lenght — 0.525 m
Electrode Spacing-0.15m
Gen. Width — 0.08m
0
LM VELOCITY IN GENERATOR (M/SEC)
Fig. 17

Total generator efficiency vs. liquid metal velocity in generator

(ETGAR-3)
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1.0
Lood Factor — 0.85
Gen. Length — 0.525
4 Electrode Spacing-0.15
Gen. Width —0.06
Theoretical Eff. —0.742
2

LM VELOCITY IN GENERATOR (M/SEC)

Fig. 18 Electrical generator efficiency vs. liquid metal velocity in generator

(ETGAR-3)
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LM GENERATOR VELOCGITY (M/S)

Pig. 19 Generator DC voltage vs. liquid metal velocity in generator with

different magnetic fields (BT GAK-3)

m1
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02 4 06 .08

STEAM MASS FLOWRATE (Kg/S)

Electrical power ouput vs. steam mass flow rale with different magnetic

fields (ETGAR-3)
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STEAM MASS FLOWRATE (Kg/S)

Cycle efficiency vs. sleam mass How rale with different magnetic fields

(liITGAK-3)
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THEORETICAL CYCLE EFFICIENCY (%)

Fig. 22 Experimental cycle efficiencies vs. theoretical cycle efficiencies

(ETGAR-3)
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CONCLUSIONS

The experimental results presented and analyzed above and their
comparison with empirical correlations suggested by a number of
authors lead to the following conclusions:

All the presently available data on void fraction and slip values in
upwards two-phase heavy liquid metals flows in the flow quality range
2.98.10-5< x < 5.32.10.-5 for ER-4 and 2.5 x 10'5< 3 x 104 for

Etgar-3, and superficial velocity range 0.793 (m/s) < VLO < 1.219

(m/sec) for ER-4 and 0.6 - 1.5 m/sec for Etgar-3 are best approximated
by the Smissaert correlation providing that the latter is modified so that
it would not give slip values less than unity (S = SSmiss at SSmiss > 1

and S - 1at S”mjss < 1).

Experimental slip values are usually higher than values calculated
according to Smissaert's correlation (modified as above), the deviation
being higher for the inlet section (adjacent to mixer) and outlet section
(adjacent to separator tank) of the pipe and lower, but still substantial,
for the middle section where the flow was presumably stabilized. It has
to be kept in mind that Smissaert's correlation was derived from
experimental data at much lower superficial velocity values [VLO #

0.330 (m/sec)] and also that these experimental data have been obtained
under conditions when special measures have been taken to secure
wetting of the walls of the pipe by mercury, while in the present study

no such measures have been taken.

35


https://edx.netl.doe.gov/dataset/seam-24

d)

SEAM #24 (1986), Session: Closed-Cycle/Disk Generators

Comparison of the actual performance of the energy conversion system
(electrical power output, overall conversion efficiency with calculations
based on modified Smissaert's correlation for slip and Friedel's
correlation for friction losses in two-phase flow showed a fair
coincidence, while the experimental values of efficiency are lower than
calculated at extreme off-design working conditions and tend to become
equal to calculated values (with £ 15% scatter) when working
conditions are approaching the design point.

Comparison of the generator electrical efficiency (excluding friction
losses) of Etgar-3 and ER-4 facilities shows good agreement with
theory. One can use this theory (machinery) for the design of single
phase MHD generators with confidence.

In assessment of results described above, it should be kept in mind that
in all of the experiments there was a carry-under of steam into the
downcomer. The influence of this phenomena on the results was
cancelled out through the relevant calculation procedure described in
this report. However, it is highly desirable to arrange additional
experiments with a different design of separator which would eliminate
the carry-under phenomena. Only after this is done can final
conclusions be made regarding the appropriate methods of predicting

characteristics of two-phase flows in vertical pipes.
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