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Hydraulic and deflection analyses of the unequal flow 

passages in the HFIR control region revealed excessive pres­

sure differentials. A proposal to drill connecting holes 

between the flovl passages initiated an experimental program 

for investigating the effectiveness of crossfloi-l on pressure 

equalization, 

and 

cal constants for an analytical model 

data on reduction of pressure dif-

ferentials between channels i-lere o"btained, It was deter-

mined that croesflow between channels would satisfactorily 

reduce the pressure differentials. 
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ion 

The control region of the HFIR consists of two concentric control 

(rods) that operate in the annulus between the reflector and 

the fuel element. The outer is segmented into four 

A c analysis of the three coolant flow passages adjoining the 

two nders revealed that the 

differentials across the control 

of the region produced pressure 

the magnitudes of which were 

s influenced by fabrication tolerances, assembly tolerances, and 

the relative positions of the control rods. The combination of the fab­

rication and assembly tolerances resulted in unequal channel thicknesses 

and channels, while the relative positions of the rods created 

coolant flow channel 

A deflection analysis of the outer control plate quadrants indicated 

that the aforementioned pressure differentials exceeded allowable limits 

by several order of magnitudes. A proposal was therefore made to drill 

conne holes between the flow passages as a means of the 

pressure differences, and an program was initiated to in-

the effectiveness of crossflow on pressure 

The experimental i covered the hydraulic behavior of 

two flow channels and were conducted in three phases. Phase 

one of the investigations consisted of studies of equal-length, constant-

thickness channels coupled 

width. These studies 

a s row of holes across the channel 

cal relationships for use in the 

analyses of rows of holes. 

Phase two consisted of of equal-length, constant-thickness 

channels coupled by rows of holes across the channel width. These 

studies were performed to facilitate the planning of a more exact mockup 

of the control region. 

Phase three was a test of a more exact mockup of the flow channels. 

Various hole sizes, hole 

flow were studied in this test. 

, flow rates, and direction of cross­

The results were used to establish the 

hole size and pattern that would effect the necessary pressure equaliza­

tion for a reliable mechanical design. 
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Phase I - Determination of Empirical Relationships 

The model used to determine the empirical constants for the equations 

to be used in the analytical study consisted of two rectangular and par­

allel channels with a single transverse row of connecting holes. 1 ,2 A 

one-dimensional momentum balance was used to describe the pressure change 

resulting from a flow change in each channel, and an energy balance was 

used to describe the flow through the holes. The one-dimensional momen­

tum balance was written for each channel as: 

= pk (V2 _ V2) 
g 1 2' 

C 

where 

P2 = pressure downstream of hole, psf, 

Pl = pressure upstream of hole, psf, 

V2 ~ velocity downstream of hole, ft/sec, 

Vl = velocity upstream of hole, ft/sec, 

k = potential coefficient (determined by experiment), 

p = fluid density, lb/ft3 • 

The energy balance was written in the form of the orifice equation, that 

is, 

where 

6 = orifice flow, ft 3 /sec, 

C ::= orifice coefficient (determined by experiment), 

A ::= cross sectional area of holes, ft2 , 
Hl = arithmetic average of upstream and downstream pressure in chan-

nel giving up fluid, psf/lb, 

H2 = arithmetic average of upstream and downstream pressure in chan-

nel gaining fluid, psf/lb. 
• 
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The constants k and C were determined with the experimental setup 

shown in . 1. Each channel was 40 in. 2 in. wide, and of con-

stant thickness. The thickness combinations were either 1/8 in. for both 

channels or 1/8 in. for one channel and 1/2 in. for the other channel. 

The channels were connected at a point 24 in. from the inlet by either 

three 1/4-in.-diam holes, spaced across the width, or a longi­

tudinal slot with a length-to-width ratio of 10:1 and an area equivalent 

to three 1/4-in.-diam holes. A hole length-to-diameter ratio of 1.0 was 

used without breaking the (Le., square ). Each channel had 

a control valve on the inlet and exit for adjusting the flow rates and 

pressures before and after the holes. The inlet flow to each channel 

and the exit flow from one channel were obtained from rotameters. Each 

channel had pressure taps on 2-in. centers the channel length. 

The taps 13 in. of the holes and extended 11 in. downstream 

from the holes. The pressure drop each channel and the static pres-

sure differentials between channels were obtained with a manometer and 

an associated manifold system. 

An experimental run consisted of the inlet flows and pres-

sures by adjusting the four control valves to give the desired crossflow, 

which was varied from 1 to 10 gpm. The flows, pressure drops, and pres­

sure differentials were recorded. The data were then plotted, as shown 

in Fig. 2. The press information was extrapolated to the hole 

centerlines from the upstream and downstream directions for use in evalu­

the experimental constants. 

The one-dimensional momentum constant, k, that is, the potential 

coefficient, was evaluated for each channel for each pressure change, in 

conjunction with the velocities before and after the holes. The orifice 

coefficient was then evaluated from the orifice flow and the difference 

between the arithmetic average pressures for the two channels. Tables 

of 

Appendix A . 

Results 

data for the coefficient determinations are given in 

The potential coefficient for the channel giving up mass is shown 

for all runs in 3. The data were correlated, us a least squares 
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fit, with the expression 

v03 = 0.866 - 0.399 ~1 ' 

where 

13 = one-dimensional momentum constant for channel giving up mass, 

6 = orifice flow, ft 3 /sec, 

Ql = channel flow before holes in channel giving up mass, ft 3/sec. 

The correlation predicts the experimental values with a maximum error of 

20%. 

The potential coefficient for the channel gaining mass, I, is given 

in Fig. 4. The data were correlated with the expression 

o. 6 
- 0.471 Ql 

't=-----"'-v'! 6 ' 
0.866 - 0.399 Ql 

which is a least-squares fit that gives a maximum error of 20%. 

The orifice coefficient data are compared in Fig. 5 with the cor­

relating expression 

0.4 

C = 0.646 (~2) , 

where 

C ; orifice coefficient, 

6 = orifice flow, ft 3 /sec, 

Q2 = channel flow after the holes in channel gaining mass, ft 3/sec. 

This correlating expression, found by a least-squares fit, gives a maxi­

mum error of 20% • 
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Conclusions 

The data plotted in Figs. 3, 4, and 5 include the two channel thick­

ness combinations of either 1/8 in. for both channels or 1/8 in. for one 

channel and 1/2 in. for the other channel. Also the data include both 

types of crossflow connections. The data correlations found could be 

used in an analytical model to extrapolate to the case of multiple rows 

of crossflow connections between adjacent channels. Additional experi­

mental information on the interaction of multiple rows of holes was re­

quired, however, before an accurate determination of optimum number, Size, 

and pattern of holes could be made by analytical methods. 

Phase II - Study of MuJ.tiple Interconnections 

The existing "coefficient-measurement" experimental setup was uti­

lized with minor modifications to study the basic aspects of parallel­

channel hydraulics with multiple interconnections. This investigation 

was performed for three types of flow: (1) coupled parallel flow with 

noncoupled inlet and exit, (2) coupled parallel flow with nominally equal 

channels and coupled inlet and exit, and (3) coupled parallel flow with 

unequal channels and coupled inlet and exit. 

Coupled Parallel Flow with Noncoupled Inlet and Exit 

Comparison of the flow scheme studied first and the actual flow sy­

stem (Figs. 6 and 7, respectively) shows that the two systems bear little 

hydraulic resemblance. Nevertheless, this first study was deemed de­

sirable because it could be accomplished immediately and with little 

modification to the existing experimental setup. Briefly, the flow scheme 

consisted of two parallel flow channels (1/2 and 1/8 in. thick,'re:­

spectively) partly coupled by various patterns of 1/4-in.-diam holes. 

Each channel had its own piping system. Desired inlet and exit pressure 

differentials were established by controlling the inlet and exit flows 

for both channels. Static pressure differentials were obtained between 

any of the pressure-tap positions by means of a mercury manometer coupled 

to a manifold system. 

• 

• 
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The results for two different flow combinations are illustrated in 

Figs. Band 9. The pressure differentials were apparently reduced in all 

cases, with the largest reductions occurring at mid-positions. The man­

ner of obtaining a given set of flow conditions prevented the establish­

ment of a meaningful reference point. 

Coupled Parallel Flow with Nominally Equal Channels and Coupled Inlet 
and Exit 

The flo"l scheme used consisted of two equal (liB-in) channels coupled 

by inlet and exit plenums, as sho"m in Fig. 10. This configuration more 

approximates, but does not duplicate, the actual flow scheme 

• 7). Runs with total flow rates of 25 and 50 gpm were made, and 

static pressures were measured throughout both channels. A !!no-hole!! 

reference point was established for both flow rates. 

It was found for both "reference point ll runs that the manufacturing 

tolerances and other slight differences in the two channels did not gen­

erate appreciable pressure differentials. The channels were then further 

coupled by a pattern of 1/4-in. holes (two per rowan 6-in. row centers) 

and the runs were repeated. Little change in the distribution and mag­

nitude of the pressure differential was observed. The results for the 

50-gpm runs are shown in Fig. 11. Apparently the holes had little in­

fluence on the flow. 

Coupled Parallel Flow with Unequal Channels and Coupled Inlet and 
Exit 

The flow scheme was evolved by increasing one channel thickness 

from liB to 1/2 in. Other features of the flow scheme remained unchanged 

(Fig. 12). Much larger pressure differentials were observedj however, 

the hydraulic characteristics remained vastly different from those of 

the actual flow scheme (Fig. 7). Runs with total flow rates of 50 and 

75 gpm were made, and static pressures were measured throughout both chan­

nels. A "no-hole" reference point was again established for the two flow 

rates. 

The plate separating the two channels was then perforated with various 

patterns of 1/4-in. holes (two per row position on 6-, 4-, 2-, and l-in. 

row centers, as shown in Fig. 13), and the runs were repeated for each 
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pattern. The results for the 75-gpm runs are shown in Figs. 14 and 15. 

It is apparent that the pressure differentials were reduced in a consist­

ent fashion as the number of holes increased. Figure 15 clearly indi­

cates that an asymptotic behavior was being approached at about 24 holes 

(5% void); however, the point at which this asymptotic behavior occurs 

may well differ for different flow geometries. The pressure differentials 

near the entrance (region without holes) were little affected by the ad­

dition of holes elsewhere, indicating a need for holes throughout regions 

of high pressure differentials. These results show that the pressure dif­

ferentials tend to equalize, as well as decrease, over the entire perfo­

rated region, with increased numbers of holes. 

Conclusions 

It is concluded on the basis of these tests that a few holes, re­

gardless of how carefully located, will not achieve an effective reduc­

tion of hydraulically induced pressure differentials, but many holes dis­

tributed in a uniform pattern throughout the plate can provide the de­

sired effect. Unfortunately, usable design data were not obtained from 

these tests; however, it is estimated that a 1% hole pattern will reduce 

the pressure differentials by at least 50%, and a 5% hole pattern will 

reduce the pressure differentials by at least 80%. It is felt that these 

estimates are conservative and that the actual system hydraulic charac­

teristics will be more receptive to pressure reduction. Also, other com­

binations of hole size or pattern or both (for a given void percentage) 

could be more effective. 

The equipment used could not be modified to effect a significant im­

provement in the estimate of pressure reduction. Also, the poor hydrau­

lic similarity with the actual flow system would make extrapolation doubt­

ful. It was therefore deemed desirable to construct a more exact mockup 

of the actual system with respect to channel length and width. 

Phase III - Investigation of Crossflow Pressure Equalization 

The more exact hydraulic mockup of two extreme control plate posi­

tions was utilized in accumulating flow-rate, hole-size, and hole-pattern 
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data to clearly establish the effect of crossflow on pressure equaliza­

tion. The experimental setup was a mockup of the two channels adjacent 

to the outer control rod for two extreme geometries (Figs. 16 and 17). 

The 82-in.-long, 8-in.-wide rectangular channels were connected to common 

plenums at each end. One channel had a constant thickness of 1/8 in. for 

its entire length, and the other channel had a cpnstant thickness of 1 5/8 

in. for 40 in. and a step change to 1/8 in. for the remaining channel 

length. 

The piping system was arranged to discharge flow from either plenum 

and thus simulate the two extreme flow geometries. A valve and rotameter 

on the inlet plenum controlled and measured the combined channel flow 

rates. Flow rate values of 75, 90, and 105 gpm were selected as repre­

sentative of the expected operating range. 

Pressure taps were included in each channel on 4-in. nominal longi­

tudinal centers, with additional taps installed near cross-sectional area 

changes. The taps were connected to two manifold systems containing ma­

nometers for obtaining pressure distributions. 

Tests were conducted on square-edge holes lis, 3/16, and 1/4 in. in 

diameter. Each hole size was arranged in a rectangular pattern in the 

l/4-in. plate separating the two channels. The total area removed varied 

from 0.15 to 4.92% for the combined hole size and pattern variables. 

A test series consisted of selecting a combination of geometry, hole 

size, and hole pattern and then measuring the longitudinal pressure dis­

tributions in both flow channels over the entire test section for each 

flow rate. A graph was then made of the measured pressure distributions 

in order to ascertain the effectiveness of crossflow on equalization rela­

tive to the corresponding IIno-hole!! reference point. The pressure dis­

tribution graphs for the reference pOints and range of variables con­

sidered are given in Appendix B. 

Results 

The effectiveness of cross flow on pressure equalization is easily 

seen by a comparison of the pressure distributions with and without holes. 

The comparison is made on the integrated load outlined by the longitudinal 

pressure distribution in each channel. These loads were determined and 
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used to calculate pressure reductions. Pressure reduction is defined as 

the ratio of the integrated load with holes to the integrated load with­

out holes at corresponding geometries and flow rates. The pressure­

reduction factors are given in Table 1 for all the cases examined experi­

mentally, and Fig. 18 gives a comparison of pressure reductions as a func­

tion of void percentage (percentage of plate area occupied by holes; see 

Table 2) for the three flow rates and two flow configurations examined. 

Table 1. Pressure Reductions Effected by Holes 

Combined 
Geometry Flow Rate 

(gpm) 

Fig. 16 105 
105 
105 

90 
90 
90 
75 
75 
75 

Fig. 17 105 
90 
75 

Hole 
Diameter 
(in. ) 

1/4 
3/16 
1/8 
1/4 
3/16 
1/8 
1/4 
3/16 
1/8 

1/4 
1/4 
1/4 

Pressure Reduction for Various 
Hole Spacings (%) 

2 X 8a 2 X 4 2 X 2 2 X 1 1 X 1 

31.7 15.5 7.3 4.3 3.57 
22.5 12.8 
38.2 19.7 11.9 

28.6 13.7 7.6 4.59 3.73 
24.0 12.2 
38.0 23.4 14.0 

26.6 13.2 7.7 5.32 3.27 
23.7 14.1 
38.8 21. 7 14.5 

9.2 
10.7 
9~4 

aHole centers given as center-to-center hole spacing (in.) perpen­
dicular to flow direction followed by center-to-center hole spacing (in.) 
parallel to flow direction. 

Dependence on hole size and void percentage was observed. The hole 

size and commensurate pattern had some effect on pressure reduction up 

to about 0.7% void. The smaller hole size with its more uniform distri­

bution of area removed (for a given void percentage) gave a greater over­

all pressure reduction. There was no observable dependence on hole size 

for area removals greater than 0.7%. The greatest pressure reduction ef­

fects were realized at a small void percentage for all three hole sizes 

(i.e., for void percentages up to ~l%). Increased numbers of holes brought 

additicnal pressure reductions; not, however, in proportion to the area 

.. 
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Table 2. Plate Area Removed by Holes 

Hole Void Obtained with Various Hole Spacings (%) 
Diameter 

(in. ) 

1/4 
3/16 
1/8 

2 X 8a 

0.307 

2 X 4 

0.614 
0.345 
0.154 

2 X 2 

1.227 
0.690 
0.307 

2 x 1 

2.454 

0.614 

1 x 1 

4.908 

~ole centers given as center-to-center hole spacing 
(in.) perpendicular to flow direction followed by center­
to-center hole spacing (in.) parallel to flow direction. 

removed. A maximum pressure-reduction factor of about 30 was aChieved 

in this experimental investigation at a void percentage of 5%. 

Conclusions 

The ability of crossflow between two rectangular-parallel channels 

to reduce the pressure differentials was satisfactorily demonstrated, and 

design information was obtained for two extreme flow geometries. The 

pressure differentials were shown to be drastically effected by small 

percentages of plate-area removed from the plate separating the two chan­

nels. An order of magnitude in pressure reduction was easily effected 

by a 1% plate-area removal, and a factor of about 30 was achieved with 

a 5% area removal. 
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Appendix A 

POTENTIAL AND ORIFICE COEFFICIENT DATA 

The experimental data obtained in phase I for the determination of 

empirical constants for use in the proposed analytical model are presented 

in Tables A.l and A.2. 

Appendix :B 

PRESSURE DISTRIBUTIONS 

The experimental pressure distributions obtained in phase III of 

this investigation for determining the effectiveness of cross flow are 

presented in Figs. 19 through 63 • 



Table A.l. Potential Coefficient Measurements 

Channel Giving up Mass Channel Gaining Mass 
Chalme1 

Thickness Flow Rate Flow Rate Pressure Rise Potential Flow Rate Flow Rate Pressure Drop Potential Combinations Before Holes After Holes at Centerline Coeffi cient, Before Holes Af'ter Holes at Centerline Coefficient, (in. ) of Holes of Holes 
(gpm) (gpm) (in. Hg) f3 (gpm) (gpm) (in. Hg) r 

1/8 - 1/8 10.0 8.0 0.84 0.494 10.0 12.0 2.39 1.168 
1/8 - 1/8 10.0 6.25 1.40 0.492 10.0 13.75 4.65 1.131 
1/8 - 1/8 10.0 8.0 0.95 0.559 10.0 12.0 2.18 1.061 
1/8 - 1/8 10.1 8.0 0.95 0.547 8.3 10.4 1. 81 0.988 
1/8 - 1/8 12.0 10.0 1.13 0.599 8.3 10.3 1.64 0.950 
1/8 - 1/8 10.0 8.0 0.88 0.512 0.0 2.0 0.28 1.336 
1/8 1/8 13.0 9.0 2.20 0.534 9.0 13.0 4.06 0.983 
1/8 - 1/8 2.0 0.0 0.04 0.212 10.0 12.0 2.33 1.120 
1/8 - 1/8 15.0 9.0 2.55 0.380 6.0 12.0 5.75 1.140 
1/8 - 1/8 12.0 3.0 2.21 0.349 3.0 12.0 7.00 1.127 
1/8 - 1/8 12.0 3.2 2.19 0.351 2.2 11.0 6.05 1.122 
1/8 - 1/8 10.0 4.0 1.42 0.360 4.0 10.0 4.22 1.077 \.V 
1/8 1/8 10.0 6.0 1.30 0.432 6.0 10.0 3.26 1. 098 +'-
1/8 - 1/8 8.0 5.0 0.88 0.489 10.0 13.0 3.08 0.957 
1/8 - 1/8 10.0 5.0 1.58 0.466 12.0 17.0 6.00 0.426 
1/8 - 1/8 8.0 4.0 0.99 0.451 8.0 12.0 4.34 1.165 
1/8 - 1/8 16.0 14.0 1.65 0.591 18.1 20.1 3.50 0.995 
1/8 - 1/8 7.8 4.6 0.88 0.486 21.8 25.0 7.35 1. 067 
1/8 - 1/8a 7.9 3.4 1.30 0.548 13.6 18.1 5.80 0.871 
1/8 - 1/8a 10.0 8.0 1.24 0.738 13.0 15.0 3.00 1.147 
1/8 - 1/8a 11. 0 7.0 1. 69 0.501 13.0 17.0 4.43 0.793 
1/8 - 1/8a 12.0 6.0 2.55 0.466 13.0 19.0 6.95 0.781 
1/8 - 1/8a 10.0 9.0 0.70 0.769 10.0 11.0 1.22 1.229 
1/8 - 1/8a 9.0 7.0 0.70 0.602 10.0 12.0 1. 98 0.959 
l/S - 1/8a 10.0 2.0 1.22 0.268 10.0 18.0 8.95 0.857 
1/8 - l/Sa 10.0 2.0 1.00 0.223 12.0 20.0 10.15 1.ll0 
1/8 - 1/8a 12.0 2.2 1.30 0.208 2.2 12.0 5.35 0.S32 
1/8 - lisa 12.0 2.0 1.30 0.194 4.0 14.0 6.75 0.S18 
1/8 - 1/8a 14.0 14.0 0.0 14.0 14.0 0.0 
1/8 - 1/8a 12.0 8.0 2.20 0.578 14.0 18.0 4.65 0.788 
1/8 - 1/8a 10.0 4.0 1.80 0.459 14.0 20.0 7.85 0.820 
1/8 - 1/8a 10.0 3.0 1.68 0.400 5.0 12.0 3.95 0.711 
1/8 - 1/8a 12.0 6.0 2.80 0.557 6.0 12.0 3.32 0.659 
1/8 - 1/8a 14.0 6.0 2.02 0.507 4.0 12.0 3.65 0.6ll 

. . . . .. , . , .. 
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Table A.1. (Continued) 

Channel Giving up Mass 
Channel 

Thickness Flow Rate Flm, Rate Pressure Rise Potential Flow Rate Combinations Before Holes After Holes at Centerline Before Holes (in. ) of Holes (gpm) (gpm) (in. Hg) 
p (gpm) 

1/8 - 1/2 9.8 5.7 O. 0.580 9.1 
1/8 - 1/2 14.5 5.8 O. 0.614 6.8 
1/8 - 1/2 10.0 3.0 O. 0.473 3.0 
1/8 1/2 12.0 7.7 O. 0.571 11. 7 
1/8 - 1/2 12.0 10.0 O. 0.780 14.0 

aLongi tudinal slot having a length-to-,rtdth ratio of 10: 1 and an area 
equivalent to three 1/4-in.-diam holes. 

bpressure rise is given in inches of water. 

, . 

Channel Gaining Mass 

Flow Rate Pressure Drop Potential 
After Holes at Centerline Coefficient, of Holes (gpm) (in. Hg) ex 

W 
13.2 3.91 0.918 V1 

15.5 7.82 1.083 
10.0 4.01 0.944 
16.0 5.64 1.016 
16.0 2.89 1. 032 
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Table A.2. Orifice Coefficient Measurements 
• 

Channel Flow Rate Average Pressure 

Thickness Through Difference Between Orifice 

Combinations Holes Channels at Center- CoeffiCient, 

(in. ) (gpm) line of Holes C 
(in. Hg) 

1/8 - 1/8 2.0 3.70 0.265 
1/8 - 1/8 3.75 11.43 0.283 
1/8 - 1/8 2.0 2.95 0.297 
1/8 - 1/8 2.1 2.77 0.322 
1/8 - 1/8 2.0 2.79 0.303 
1/8 - 1/8 2.0 0.97 0.518 
1/8 - 1/8 4.0 7.13 0.287 
1/8 - 1/8 2.0 2.51 0.322 
1/8 - 1/8 6.0 12.24 0.437 
1/8 - 1/8 9.0 17.54 0.546 
1/8 - 1/8 8.8 16.65 0.551 
1/8 - 1/8 6.0 9.04 0.501 
1/8 - 1/8 4.0 5.92 0.420 
1/8 - 1/8 3.0 4.18 0.375 
1/8 - 1/8 5.0 9.01 0.426 
1/8 - 1/8 4.0 7.00 0.386 ~ 

1/8 - 1/8 2.0 5.18 0.225 
1/8 - 1/8 3.2 8.87 0.274 
1/8 - 1/8a 4.5 6.20 0.460 
1/8 - 1/8a 2.0 5.77 0.212 
1/8 - 1/8a 4.0 5.79 0.423 
1/8 - 1/8a 6.0 9.08 0.507 
1/8 - 1/8a 1.0 1.48 0.210 
1/8 - 1/8a 2.0 2.40 0.334 
1/8 - 1/8a 8.0 19.47 0.463 
1/8 - 1/8a 8.0 19.28 0.465 
1/8 - 1/8a 9.8 26.88 0.478 
1/8 - 1/8a 10.0 28.28 0.480 
1/8 - 1/8a 0 0 
1/8 - 1/8a 4.0 6.28 0.409 
1/8 - 1/8a 6.0 8.88 0.514 
1/8 - 1/8a 7.0 7.95 0.634 
1/8 - 1/8a 6.0 7.49 0.559 
1/$ - 1/8a 8.0 10.38 0.607 
1/8 - 1/2 4.1 4.68 0.482 
1/8 - 1/2 8.7 13.97 0.571 
1/8 - 1/2 7.0 7.92 0.633 
1/8 - 1/2 4.3 6.71 0.405 
1/8 - 1/2 2.0 2.81 0.303 

aLongitudinal slot having a length-to-width ratio of 10:1 
and an area equivalent to three 1/4-in.-diam holes. 
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Fig. 28. Pressure lli'op for Parallel Channels with 0.614% of Plate 
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