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PREFACE 

This report was prepared as part of Task 1111 .00 in the Solar 
Thermal Research Branch. Its objective is to provide the Ocean 
Systems Program Office with analytical and experimental results to 
help them decide which Claude-cycle, open-cycle, ocean thermal 
energy conversion concept ( OC-OTEC) performs th~ best. In thi.s 
report we investigate the performance of a slotted pipe for gener­
ating uniform falling jets, as would be used in an OC-OTEC falling 
jet evaporator or condenser. I thank Dave Johnson and Abe Kogan 
for conceiving the experiments and critiquing the results and 
greatly apreciate the assistance of Brian Boyer, Jim Green, and 
Sung-Ho Jo. 

Approved for 

Douglas AJ Olson 
Associate Scientist 

SOLAR ENERGY RESEARCH INSTITUTE 

~.Ch~~m 
Solar Thermal Research Branch 

Division 
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SUMMARY 

Objective 

The objective of the report is to determine the length of a slotted pipe need­
ed to generate falling jets of water of uniform velocity, perpendicular to the 
pipe. 

Discussion 

We conducted exper'iments on the water flow from a pipe 6. 1 m long, with a 
6.3-cm inside diameter and a 0.64-cm wide slot to determine how uniformly the 
flow exits the slot. Dimensions are representative of those we anticipated in 
a falling jet evaporator or condenser that would be used in a Claude-cycle, 
open-cycle, ocean thermal energy conversion (OC-OTEC) plant. We measured the 
pressure along the pipe, flow from the slot, and·angle of flow from the slot 
for variable slot lengths (1.5 m to 4.6 m) and variable flow rates (6.0 kg/s 
to 17 kg/s). We used a one-dimensional control volume analysis to model the 
flow from the pipe. 

Conclusions and Recommendations 

Experimental results show that most of the flow exits from the region of pipe 
next to the closed end, regardless of total flow rate or length of slot. 
Except near the closed end, the water exits with a very high axial component 
of velocity. The analysis indicates that as the ratio of jet area (slot width 
times length) to pipe cross-sectional area becomes much greater than two, 
pressure recovery will be large near the closed end, owing to the deceleration 
of the flow . in the. pipe. Pressure recovery produces the large increases in 
the jet flow. The region of high perpendicular jet flow we observed in the 
experiment is within this region of strong pressure· recovery. We recommend 
that if this method is used in an OC-OTEC plant for generating falling jets, 
the slot length should be 1"m or less (for the pipe diameter and slot width 
noted previously). The analytical model can be used to predict the maximum 
pr.<~('tical slot length for pipes of differeitl ulmem>ions. 
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SECfiON 1.0 

INTRODUCfiON 

One way to distribute water in the open-cycle Ocean Thermal Energy Conversion 
(OTEC) falling jet evaporator and falling jet condenser is to have a number of 
radial manifolds feed circular coaxial slotted tubes (Kogan 1980). See 
Fig. 1-1. Water flowing along the tubes and out the slots becomes the jets 
which evaporate or condense the steam to drive the turbine. The coefficients 
of heat transfer for the falling jets are believed to be very sensitive to the 
flow properties of the jets; e.g., Reynolds number, jet width, level of turbu­
lence, etc. In its heat and mass transfer laboratory, the Solar Energy 
Research Institute (SERI) is experimenting to determine the optimal flow con­
ditions. The water distribution system should be designed so that each por­
tion of the slotted tube will deliver the same amount of flm.,r. Otherwise, 
parts of the tube will be wasted and the evaporator or condenser will have to 
be built larger than necessary, thus increasing cost. Senecal (1957) has shown 
that the flow from a slotted pipe becomes maldistributed under certain condi­
tions. In a full-size OTEC plant, preliminary calculations based on assump­
tions of heat transfer coefficients and head losses indicate that an optimal 
jet flow rate would be 10 to 20 kg/s per m of slot. Pipes might be sized at a 
5- to 8-crn diameter, with slots 0.3 to 1.0 em wide and as long as possible. 
In this report we present results of experiments and analyses that indicate 
how successfully a slotted pipe can provide uniform flow to a falling jet. 

1.1 THEORETICAL ANALYSIS 

We first performed a one-dimensional analysis of the flow from a slotted pipe 
(see Appendix) to identify the important geometrical and flow parameters. We 
wrote integral momentum and continuity equations for the flow along the tube 
and out the slot, assuming no downward component of flow in tl:le tube and an 
axial component of velocity outside the tube equal to the velocity inside the 
tube. The Reynolds numbers in slotted pipes sized to OTEC plant dimensions 
could vary from 50,000 to 1,000,000, depending on pipe length. '.Je used a sim­
ple turbulent friction relation with a constant friction coefficient. We used 
friction factors of f = 0.04 (rough pipe with e/D = 0.01), f = 0.02, and 
f = 0.01 (smooth pipe). For a tube diameter, length, and slot width similar 
to those anticipated for the full-scale evaporator, results of the analysis 
showed that the pressure first dropped in the tube due to friction, then rose 
again at the closed end as the rapidly decelerating flow converted kinetic 
energy into pressure. This change in pressure varied the jet velocity, first 
constant or slightly decreasing toward the middle of the tube, then increas­
ing again at the closed end (Fig. 1-2). For friction coefficients correspond­
ing to smooth pipes, the decrease in pressure and jet velocity from friction 
\·las much smaller than the pressure increase resulting from flow deceleration. 
Increasing or decreasing the total flow through the tube also had no effect on 
pressure recovery length or on the relative ratios of velocities of the exit­
ing jet. This decoupling of the velocity from the solution was due to our 
assumption of a simple turbulent friction correlation in which the friction 
factor was independent of Reynolds numher. When we used the Blasius turbu­
lent friction formula for a smooth pipe instead of the constant friction 

1 



s=~··*' ~----------------------=-TR::..:....-....:...9___:84 

; ,/~~ 

Elcvailon 
i< 

~-""">"":.....---

Plan View 

Figure 1-1. Falling Jet Evaporator Configuration 
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toefficient, the velocity distribution was dependent on the magnitude of the 
flow rate. An increase in total flow increased the jet flow predominantly 
near the closed end • 

. The analysis shows that the important geometrical parameter is the ratio of 
slot area to flow area, which we will call the area ratio: 

where 

w .. 
L 
A = 
n = 

slot width, 
slot length, ~ o2 
fluw an~a = -- and 
I . . I . /1 I 

~nside tube diameter. 

w • L 
A 

Also, let Ax [w(L - x)/A J, which is a measure of the distance from the 
closed end of the tube·. For Ax E> 2, the pipe is dominated by pressure 
recovery; only for Ax ( 1 does the jet velocity fluctuate by 10% or less of 
the mean. For a slotted tube with a 6.35-cm diameter and ·a 0.635-cm wide 
slot, A1 = 2 when the slot is 1 m long. In addition, if we assume that the 
jet carried the same axial velocity as the flow in the pipe at the same 
position, only near the closed end (Ax ( 1) was the angle of the jet to the 
horizontal greater than 45°. See Fig• A-4 in the.Appendix. 

1.'2 LABORATORY-SCALE EXPERIMENTS 

Since the analysis was subject to several simplifying assumpti.ons, wP con­
ducted experiments on flow through slotted tubes to confirm thP . .<~c.curacy of 
the analysis and determine the advanta~es or limitations of thi::. wr.~tPr rli,;t-ri­
bution system. We performed lab-scale experiments using a 3.18-cm inside diam­
.eter plexiglass tube with a 0.476-cm. slot that was 34.3 em long (A1 = 2.1). 
One end was closed and the other was connected to the water faucet. Results 
showed that most of the water. exited the tube near the closed end and that the 
flow had a str~ng axial component of velocity after it l.eft the slot. 

1.3 SCOPE OF THE REPORT 

Although the lab experiments qualitatively confirm~d rn1r understanding of the 
flow, the tlow rates and pipe sizes were not the same as those anticipated for 
a full-size Ocean Thermal Energy Conversion (OTEC) plant. Thus, an experiment 
was performed using a slotted pipe of anticipated OTEC dimensions, with pipe 
flows and jet speeds expected in the full-scale plant. This report describes 
the experiments, which were performed 23-2.5 July 1980. l..Ja studied the flow 
from a slotted pipe with a 6. 27-cm diameter and a 0. 635-cm slot of variable 
length, 0 to 5.8 m (A1 = 11.9). From results of these studies, we suggested 
recommendations for the OTEC evaporator and condenser distribution system. 

4 
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SECfiON 2.0 

EXPERIMENTAL PROCEDURE 

The experimental set-up consisted of a test section of slotted piping with 
dimensions appropriate for modeling the OTEC distribution system. Fire hose 
was used to connect the pipe to a fire hydrant, with a diaphragm valve to con­
trol the water flow rate from the hydrant and instruments to measure the pres­
sure along the pipe and the flow into the pipe and out the slots. 

The slotted pipe was a schedule-40 carbon steel pipe that was 6.1 m long, with 
a 6. 27-cm inside diameter and a 7. 30-cm outer diameter. A steel plate was 
welded over one end, and the open end was connected through a reducing section 
to a 5.08-cm rliaphragm flow control valve. Along one side of the pipe were 
cut 19 slots, each 29.2 em long and 0.635 em wide, with 1.27 em spacers 
between slots to prevent the pipe from warping. ~\l'e varied the length of 
exposed slots by wrapping duct tape around the pipe, closing off those unnec­
essary for the experiment. Eleven pressure taps were fitted along the pipe, 
90° off-center from the slots (hence, when the slots were pointed vertically, 
the pressure ports were horizontal). The pressure taps were located at the 
midpoints of slots 1, 3, 5, 7, 9, 11, 13, 15, 17, 18, and 19 (slot 1 was next 
to the pipe inlet and slot 19 next to the closed end). See Fig. 2-1. 

We conducted the experiment at the pond east of Cole Blvd. near Building 4 of 
the Denver West Office Park. A fire hydrant provided water to the experiment 
through 75 m of 7.62-cm fire hose at flow rates of 19 kg/s and less. Located 
between the diaphragm valve and the fire hose was a flO\v totalizer, provided 
by Consolidated Water Company, that measured the total flow through the pipe. 
We rested the two ends of the pipe on stepladders, 1 m above the ground to let 
us observe the flow of the jets and collect water in a large drum. 

The following quantities were measured for each experiment: 

• Total flow into the slotted pipe, which was measured using the flow 
Lulalizer provided by Consolidated Water. 

• Flow out of the slots. He quickly inserted a 65-L or 200-L drum 
beneath each slot and measured the time necessary to fill the drum. 

• Pressure variations along the pipe. The pressure taps \'lere connected 
through plastic tygon tubes to two mercury manometers. One continuous­
ly monitored the pressure difference between taps 1 and 2 of the pipe. 
The other was connected through a manifold system to measure the pres­
sure difference successively between tap 1 and atmosphere, tap 1 and 
tap 2, tap 1 and tap 3, etc. This allowed calculation of the tap pres­
sure minus atmospheric pressure for each tap position in the pipe 
[P x - P atm = (P1 - P atm) - (Pl - P x)]. After the data \'lere collected, 
a picture was taken of the pipe and its flow for each experiment. 

We conducted seven different experiments. In the first 
uncovered by the tape (A1 = 1.0), thP. first with a high 
second with a low flow rate. In experiments 3 and 4, 10 

(AL = 6. 0), again with a high and then a low flow rate. 
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Figure 2-1. Slotted Pipe Showing a Pressure Tap and the 
Taping Method 
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experiments were completed, some errors in incoming and outgoing flow were 
discovered; then~fore experiments 5 and 6 repeated the 5-slot experiments. 
Finally, experiment 7 had 15 slots exposed (A1 = 9.0). The fire hydrant could 
not deliver high enough flows to make the flow per meter of slot for the 10-
and 15-slot experiments directly applicable to conditions expected in the OTEC 
plants. However, trends in the data were clear enough so that we could also 
characterize the performance of long, slotted pipes. 
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SECTION 3.0 

RESULTS OF THE EXPERIMENTS 

The: data for the experiments are collected in Tables 3-1 and 3-2. For all 
experiments, regardless of the number of slots exposed, or the flow rate 
through the slots, most of the water flowed out the last two or three slots. 
Also, after leaving the slot, the water jets retained a large component of 
axial velocity of the same orrler as the axial velocity inside the pipe. Only 
at the closed end· of the pipe, in the last two jets, was the angle of the jet 
to the ground significantly larger than 45'. These t~ effects limit the 
length of pipe that can deliver a uniform flow. 

3.1 EXPERIMENTS WITH A SHORT PIPE (~ = 3.0) 

Figures 3-la and b are pictures of the first experiment, which was a high flow 
through five slots (AL = 3.0). With the jets pointed downwards, the slot next 
to the closed end (~ 0.60) delivers a fairly uniform flow. However, the 
successive slots further upstream deliver less and less flow, which becomes 
increasingly horizontal. The gaps between the jet sheets are due to the 
spacers separating the slots. In the furthest upstream jets, the vertical 
component of velocity mainly resulted from the jet hitting the spacer and 
bouncing downward. With the jet pointed upward, the water carries beyond the 
closed end of the pipe. The height of the jets gives an estimate of the ver­
tical component of the velocity as the water leaves the slot. This height is 
negligible at the first slot, but increases rapidly as the flow approaches the 
closed end. This trend is expected from the theoretical analysis, which pre­
dicts a rapid pressure recovery as the flow decelerates, producing a larger 
pressure differential to drive the flow out the slot, resulting in greater 
mass flows and vertical jet velocities as the closed end is approached. Mea­
surements from Fig. 3-lb of jet angles roughly correlate with the angle pre­
dicted if the jet carried with it all the axial velocity of the flow inside 
thP pipP (see Table 1-3). 

Figure 3-1c shows the measured pressure changes and slot flows for the first 
experiment, plotted as a function of position along the pipe. The first 
three-fourths of the pipe had no exposed slots, and the pressure drops uni­
formly owing to friction. Near the closed end and in the region of exposed 
slots, the pressure increases. The measured flow varies from 6.2 kg/s 
(20.7 kg/s-m) in the last slot to 2.5 kg/s (4.2 kg/s-m) collected in the com­
bined first two slots. Even in the last three slots, the flow varies by 120% 
from the amount collected from the penultimate slot. Hence, if no greater 
than a 20% variation in flow could be tolerated, the pipe would have to be 
limited to AL = 1.8, or 1 meter. If no greater than a 10% variation were per­
missible, only a 0.3-m pipe (1-slot length) would be acceptable. The fire 
hydrant delivered sufficient flow for the five-slot experiment to match the 
flow per unit length anti c ipated in a full-size OTEC plant (10 to 20 kg/s-m). 

9 
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Table 3-1. SLO'! PRESSURE MINOS A'IMOSPHERIC PRESSlJRE (KFc.) 

Position*, ~ 

Run 11.11 9.91 8.71 7.51 6.31 5.10 3.90 2.70 1.5) 

l 13.69 10.85 8.13 6.15 4.06 3,L4 1.22 -0.51 2.45 
2 5.78 4.18 2.94 2.45 1.22 0. E·5 -0.02 -0.64 0.97 
3 8.25 5.17 2.94 1.46 -0.76 -1.(1 -1.01 -0.76 1.83 
4 3.44 1. 96 0.85 0.60 -0.39 -O.E4 -0.64 -0.27 -0.3~ 

5 17.64 14.18 11.09 9.37 6.40 4.!'0 2.20 0.35 3.93 
6 3.69 2.94 2.08 1. 71 0.97 O.EO 0.10 -0.14 0.4.3 
7 4.80 0.97 -2.61 -2.20 -2.24 -1.26 -1.26 -0.39 0,47 

*Ax = w 
(L - x) A 

**AL = ~W .. , 

Table 3-2. FL<W RATES OOT SLOTS (kg/s) 

Posit:.on, ~ 

Run 8.71 8.11 7.51 6.91 6.31 5.70 5.11 4.~0 3.90 3.30 

1 
2 

3 0.40 0.59 0.62 0.71 0.72 
4 0.36 o. 37 0.44 0.6~· 1.12 
5 
6 
7 0.66 0.80 0.60 0.57 0.75 :.63 0.60 0.61 0.6£ 0.76 

2.70 2.10 1.50 

-2.541- 3.95 
-2.09- 2.84 

0.64 1.82 3.48 
1.49 1. 59 1.35 
0.65 1.66 4.29 
0.51 1.24 2,28 
1.43 2.68 2.76 

0.9J 

5.13 
2.95 
3.n 
1.32 
5.8 5 
2.01 
2. 71 

0.90 o. 30 

6.03 8.01 
1. 22 1. 22 
2.94 2.94 

-0.39 -0.14 
9.24 11.59 
J.85 1.83 
).97 1.46 

0.30 Total 

6.20 17.81 
2.89 10.78 
4.02 16.75 
1. 07 9.76 
7.52 19.96 
2,00 8.11 
2.50 18.80 

Length of Exposed 
Slots**, AL 

3.0 
3.0 
6.0 
6.0 
3.0 
3.0 
9.0 

Ul 
Ill 
N -
lf
-

1 I 

-

Flow Length of Exposed 
Meter Slots, AL 

13.80 3.0 
5.94 3.0 

13.72 6.0 
8.51 6.0 
16.52 3.0 
7.19 3.0 
16.14 9.0 

t-3 
:;:.:1 
I 

1.0 
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Figure 3-1a. High Flow Rate from a Slotted Pipe with 5 Slots 
Exposed, AL = 3.0, 13.8 kg/s Total Flow (Slots 
Pointed Downward) 

Figure 3-1 b. High Flow Rate from a Slotted Pipe with 5 Slots 
Exposed, AL = 3.0, 13.8 kg/s Total Flow (Slots 
Pointed Upward) 
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Table 3-3. ANGLES OF JETS TO HORIZONTAL 

Position, ~ 

Angle 2.70 2.10 1.50 0.90 0.30 

Heasured Angle a 8' 15' 29' 51' 74' 

Predicted angle based on 3' 9' 25' 44' 7 3' 
Vertical jet velocity and 
Horizontal pipe velocity 

aRun 1; High flow rate through 1 slots. 

Ar Ax"' ?, 7, the ITJ.e ::u~uc c d preoourc d.iffere th... e , r. ratm• is negative, sug­
gesting the pipe was sucking in air instead of forcing out water. ~.Je measured 
negative pressure differences in other experiments at locations where the jet 
flow rate was low (particularly experiments with low total flow rates and 
large numbers ot exposed slots). However, we think this effect is a measure­
ment error, since we observed flow from those slots, whic:h i.nciicated that the 
pressure was greater, rather than less, than atmospheric pressure. Three pos­
sible explanations account for the discrepancy. First, if an air bubble 
lodged in the tubel ine to pressure tap number 1 after P1 - P atm was measured 
(the tap from which all measurements were referenced), the difference P1 - P~ 

would read too large, and the difference Px- Patm = (P1 - Patm) - (Pl - PxJ 
would read too small. However, we believe this is unlikely, since we 
carefully bled the lines. Second, errors in the head diff~rPncP hPrv.rPPn the 
manometer and the slotted pipe, ·resulting from incorrectly establishing the 
level of the slotted pipe, could explain negative pressure differences. To 
measure the pressure difference between pressure tap number 1 and the Atmo­
sphere, we established the relative levels of the manometer and the pipe by 
holding a board between the slotted pipe and the manometer (located 3 m away), 
and leveling it with a carpenter's level. Accurate transit equipment was not 
available. If this head difference were measured too small, P1 - P atm would 
be too small and Px - Patm would also be too small. Third, WP Pstablished the 
head difference to the manometer only at the pipe inlet; it was not referenced 
at the closed end. We checked the levelness of the pipe with a carpenter's 
level. If the pipe were to slope downward, the head diffen~nc.P ::~r the closed 
end would be smaller than at the inlet, and P x - P atm would be measured too 
small. We believe the second explanation is most likely, since it represents 
the crudest measurement. Hence, the absolute magnitudes of the pressures 
would be off::;el uy a few kilopascals, but the relative variations in the 
pressure would be unchanged. 

Figure 3-2a shm,rs the flow resulting from Experiment 2 (five slots exposed) 
and a reduced flow rate from Experiment 1. In comparison to Fig. 3-1b for the 
hlgher flow rate, heights were reduced at the closed end, indicating that the 
reduced total flow reduces the flow out the end slots. The theoretical model 
predicted this effect when the Blasius formula for the friction factor was 
used instead of constant friction factor. Figure 3-2b shows the measured 
flows and pressures as a function of position. The measured flmv out the slot 
was roughly constant over the last three slots, and much lower for the first 
two compared with the final three slots. 

12 



55~1 ~ ·- ~ II ____________________________ T_R_-_9_84 
'- ~-, 

14.0 
0 

10.0 

"' [l_ 

~ 
E 8.0 

c._• 
I 

[l_ 

~ 
:J 

6 .0 

"' "' ~ 
[l_ 

4.0 

2.0 

0 

Inlet 

0 Pressure 

-e- Flow Rate 
0 

-e-

0 

0 

13 

G 
0 

0 

0 

10 8 6 4 0 2 
Pipe Position (Ax) 

Figure 3-1c. Experiment 1 Results (5 Slot-., Exposed, AL = 3.0, 
13.8 kg/s Total Flow) 

13 

0 

6.0 

5 .0 

(jj" 
...... 

4.0 Cl 
~ 
Q) 

(tj 
a: 
~ 

3.0 0 
u:: 
0 
U5 

2.0 

1.0 

0 

Closed End 



s=~~ ~-~ __________________________ T_R_-_98_4 

Figure 3-2a. Low Flow Rate from a Slotted Pipe with 5 Slots 
Exposed, AL = 3.0, 5.9 kg/s Total Flow (Slots 
Pointed Upward) 

After the first two experiments were completed, we discovered some sources of 
error in the flow measuring technique. These tests showed poor agreement 
between the measured flow out the sJots and the measured flow into the pipe. 
Experiments 5 and 6 repeat the first two P~perimento, with an impruved measur­
ing technique that resulted in better flow-in compared with flow-out agree­
ment. These results are plotted in Figs. 3-3 and 3-4. The lower total flow 
produces a more uniform slot flow out the ]ARt thrt;1~ sloto; however, tlt~ sve­
cific tlow is somewhat lower (6. 7 kg/s-m) than that believed necessary in a 
full-scale OTEC plant (10-20 kg/s-m). The higher flow experiment again has a 
large increase in slot flow from the inlet to the closed end. We concluded 
that increasing the flow to a magnitude required for an OTEC plant increases 
the nonuniformities in the flow, and a slotted pipe with A1 > 2 has excessive 
flow variations. 

3.2 KXPERIMENTS WITH A MEDIUM LENGTH PIPE (AL = 6.0) 

figures J Sa and 3-Sb show the flow resulting from 10 slots exposed and a hieh 
total flow rat.t?. As ln the five-slot experiments, the flow is small out the 
beginning slots and does not increase significantly until the last three to 
four slots (~ = 2. 0). The theoretical analysis predicts a decreasing flow 
until ~ = 2.1 (the amount of decrease depending on friction) and rapidly 
increasing flow at the closed end. From the photograph it also appears that 
the jet rises higher at the entrance, then drops towards the middle and 
finally rises again at the closed end. We believe, however, that the heights 
at the beginning slots are due to the water hitting the spacer and bouncing 
up; greater heights result from the higher axial velocity being converted 
into a vertical component as it hits the spacer. The measured flow out the 
slot was not larger at the entrance than at the middle of the pipe. 

14 
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Figure 3-Sa. High Flow Rate from a Slotted Pipe with 10 Slots 

Exposed, .6.'- = 6.0, 13.7 kg/s Total Flow (Slots 

Pointed Downwara) 

Figure 3-Sb. High Flow Rate from a Slotted Pipe w~th 10 Slots 
Exposed, AL = 6.0, 13.7 kg/s Total Flow (Slots 
Pointed Upward) 
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Figure 3-Sc shows the measured flow out the slots and the pressure varia­
tions. The flow is four to five times as great out the last three slots as 
the first six slots. Note the marked similarity between the f = 0.02 or f = 
0.01 curves on Fig. 1-2 and the slot flow rate curve of Fig. 3-Sc. (The slot 
flow rate is directly proportional _to the vertical jet velocity.) Both flows 
remain constant until Ax"' 2.2, then increase dramatically. The flow in the 
last three slots (Ax~ 2.0) is within the range anticipated for OTEC. 

Figure 3-6a shows the flow out the pipe with 10 slots uncovered and a low flow 
rate. Again, the figure indicates that most of the flow exits at the closed 
end of the pipe. Figure 3-6b is a plot of the measured flow and pressure 
variations; the pressure calibration errors on the pressure measurements are 
evident. The pressure measurements indicate that there was much less pressure 
recovery for the low flow rate test than for the higher flow rate experi­
rnent. Also, the measured flow increases at Ax = 4.0 and then diminishes 
slightly at ~ ~ 2.0. Most of the flow, however, still exits in the final 
three to four slots (Ax~ 3.0) • Comparing the low and high flow rate experi­
ments for 10 slots, we see that increasing the flow rate for 10-slot experi­
ments yields the same results as increasing it for the five-slot 
experiments. aence, an increase in flow rate primarily increases the rate of 
flow out the end slots and leaves the inlet slot flows essentially unchanged. 

Figure 3-6c~. Low rtow Rotc from a Slotted PipP with 10 Slots 
Exposed, A~ = 6.0, 8.5 kg/s Total Flow (Slots 
Pointed Upward) 
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3.3 EXPERIMENTS Wim A LONG PIPE (~ = 9.0) 

The final experiment consisted of a high flow through 15 slots. Figure 3-7a 
shows the flow from this experiment. The results confirm the trends of the 
S-and 10-slot experiments. Only the final three to four slots discharge a 
significant quantity of water (Ax~ 3.0) • We observed again the large axial 
component of velocity in the jets. Figure 3-7b shows the measured pressure 
and slot flows. The jet flow remains very low through the first 10 slots 
(Ax ;;. 3.0), then increases to 2.5 to 3 kg/s (8.2 to 10 kg/s-m) for the last 
four slots, which is nearly four times as great as for the initial slots. 

Figure 3-7a. High Flow Rate from a Slotted Pipe with 15 Slots 
ExpO$Cd, AL = 9.0, 1G.1 kg/s Tulal F'low (Slots 
Pointed Upward) 
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SECTION 4.0 

CONCLUSIONS AND RECOMMENDATIONS 

We make the following conclusions and recommendations, based on the results of 
the experiments and the theoretical analysis. First, regardless of the length 
of exposed slots, most of the flow exits the pipe near the closed end 
(~ < 3.0, or the final 3 to 4 slots in this experiment). This is the same 
region of high vertical jet velocity predicted by the theoretical model. To 
keep flow variations less than 10% to 20% of the mean value, one should limit 
a slotted pipe to A1 = 2.0. 

Second, the jet exiting the slots contains a large fraction of the axial 
velocity of the pipe flow. The angle of jet is nearly that predi~ted by 
assuming it carries all the axial velocity outside the slot. tn the analyti­
cal model, where this assumption was made, only for ~ ( 1.0, was the angle of 
the jet larger than 45°. 

Third, the low flovl rate experiments have more uniform jet flows than the 
higher flow experiments. Increasing the flow rate primarily increases the jet 
flow out the final slots, leaving the upstream jet flows unchanged. However, 
only the high flow rate experiments had specific flows of the magnitude antic­
ipated for OTEC plants. If we assume a constant friction factor, the analyti­
cal model predicts that the relative values of the jet flows are independent 
of flow rate. Using the Blasius formula for the friction factor, the model 
predicts the same behavior as we observed in the experiments: increasing the 
total flow rate primarily increases the jet flow for ~ ( 2.0. 

Fourth, we did not perform the long slot experiments at specific flow rates 
simulating expected OTEC conditions, owing to water supply limitations. How­
ever, short slot experiments indicate that flow nonuniformities will be great­
er at the higher flow rates that simulate expected OTEC conditions. 

Fifth, we constructed an analytical model of the flow through a slotted pipe. 
The experimental results confirm the predictions of the model, indicating that 
the scaling parameters have been correctly identified and that the model has 
not oversimplified the physical situation. The model can be used to predict 
the character of slotted -pipe flows with dimensions different from those 
reported here. 

Sixth, we recommend that if this configuration is used for an OTEC evaporator 
and condenser, the slot length should be kept to 1 m or. less for a 6. 27-cm 
diameter tube with a 0.635-cm wide slot (Ax~ 2.0). A longer pipe can be used 
if the diameter is increased or the slot width decreased. One water distrihn­
tion system that eliminates the jet flow variations of the slotted pipe is a 
box-like manifold, with a floor having the requisite number of slots. The 
height of the box would. be adjusted to keep the area ratio small (slot area/ 
flow area) and hence eliminate the large pressure recovery problems of the 
slotted pipe. 

25 
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APPimDIX 

ANALYSIS OF FL~ THROUGH A SLOT'rED PIPE 

In th~ appendix we derive the governing equations for flow through a slotted 
pipe and present some results of the analysis. The equations were integrated 
using a Runge-Kutta routine on SERI 's CDC 170/720 computer. Although the 
actual flow inside the pipe is three-dimensional, the physics of the problem 
can be understood by using a simplified, one-dimensional model. The flow 
analyzed consists ef a pipe of length .L and diameter D (Area A), closed at the 
end x = L, and water entering at the end x = 0. A slot of width w runs the 
length of the pipe on the bottom. See Fig. A-1. 

We assume the following regarding the flow: 

o V = V(x) only where V is the x-component of velocity inside the pipe; 

o No y- or z-components of velocity in the pipe; 

o P = P(x); 

o Gravity is unimportant; 

0 vj = vj (x), where vj is the total jet velocity; 

0 vjx = v, where vjx is the x-component·of the jet velocity; and 

o T w = Tw(x), the flow .is turbulent and friction is governed by the 
relation: 1 v2 

Tw = 4 fp -z , where f is a constant. 

The governing equations are now derived (refer to Fig. A-2) • 

. continuity 

The flow entering at x equals the flow leaving at x + dx plus the flow out the 
clot over the distance dg: 

or 

x-Momentum 

pAV = pA(V + dV • dx) + VJ· cos e dx • w, 
dx 

V· JY = .v j cos e, 

A.1 

The change in x-momentum of the flow from x to x + dx equals the net pressure 
fnr~AS acting on the control volume, the wall shear, ai~ the momentum carried 
out the slot through the x-component of the jet velocity: 

29 
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pAV2 + PA TwnDdx + P A( V + dV • dx) 2 + ( P + dP • dx) A 
dx dx 

+ pw dx •· V • • V · JY JX• 

with 

1 v2 
Tw= 4 f P 2 

We substitute, eliminate terms, and obtain 

.!.. dn f v2 dV T.T 

~ 2V--- ~ • V· • V· p dx = ·- D 2 - dx A JY JX A. 2 

This equations shows that the pressure drops in the pipe owing to friction, 
and rises as a result of loss of mass out the slot (~V is negative and is pro­
portional to the jet velocity). The final term is ~he momentum carried but 
the pipe by the x-component of the jet velocity, which tends to reduce the 
pressure. 

y-Momentum 

We assume a simple jet equation governs the flow of water out the slot. The 
equation for the acceleration of the jet through the slot in the y-direction 
is 

-~-2 
c ,, • Pa) P , where c is the discharge coefficient or 

A. 3 

By substituting A.1 for V jy into A.2 and A.3, and by substituting A.3 into 
A.2, we obtain 

(A ) 2 dV d2v _ f v2 dV ( ] 
cw dx • dx2 - - 0 2 - dx 2V - V jx • A. 4 

He assume the x:...component of the jet velocity equals the velocity inside the 
pipe (vjx = v), and nondimensionallze the variables with respect to x* = ~· 
V* = V/V 0 , where V0 is the 1et velocity at x L: 

1 dV* 
c2 dx* 

d 2v* dV* - V* 
dx*2 = dx* 
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Equation A.5 can be integrated to yield V* as a function of x*; Vjy is given· 
by A.1, and P - Pa is given by A.3, once V* is known. The boundary conditions 
for the integration are: 

V = 0 at x 

and 

Vjy -- 1.0 at x 
Vo 

L, or V* 0 at x* 

dV* 
L, or dX* = - 1.0 at x* 

Lw 
A 

Lw 
A 

Equation A. 5 sh0\11S that there are three important parameters for the prob­
lem: the ratio at the slot area to the pipe cross-sectional area ( ~1 ); the 
friction length of the pipe (i ~); and the slot discharge coefficient.* Com­
puter solutions (Fig. A-3) show that when the flow area for the jet becomes 
much larger than the flow area of the pipe ( :L > 1), the jet velocity will 
vary significantly. In Fig. A-J, vertical jet· velocity is plotted as a ±unc­
tion of position along the pipe for several values of f. Specific flow rate = 
mass flow V F wL > 1 h . 1 . 1 . b ·1 len th = P jy • w. or A , t e 1n et p1pe ve oc1ty must e arger 
thangthe average jet velocity. Hence, the amount of deceleration of the pipe 
flow is larger than the acceleration of the jet flow, increasing pressure in 
the pipe as the flow ceases. The .large pressure recovery wil.l produce large 
increases in jet flow as the closed end is approached. 

Computer solutions also show that varying the length of the pipe does not 
change the region of the pipe dominated by pressure recovery. The length L 

can be canceled out of Eq. A.~; i.e., the solution at 1 meter from the closed 
end is unaffected if L is increased from 2 meters to 5 meters. This confirms 
the appropriateness of normalizing x to ~~ instead of L. The pipe should be 
measured from the closed end; there'fbre, we have used the parameter 
Ax = (L - x) ~ in the text. 

By choosing a constant friction factor, f, independent of Reynold's number, \..re 
remove the magnitude of the velocities as a parameter in the solution. The 
curves in Fig. A-3 are independent of the magnitude of the velocities. A 
slotted pipe for OTEC might be represented as a smooth pipe for which the jet 
flow is low and constant until pressure recovery dominates. The experimental 
results discussed in the text were much closer to the f = 0.02 or f = 0.01 
curves than to the f = 0.04 solution. 

We used a more realistic friction factor correlation to determine the effect 
of the magnitude of the velocity on th_e ~~rm of the solution. The Blasius 
formula for a smooth pipe, f = 0.316 Re 0 • , was used instead of constant f. 
We obtained solutions for jet velocities of 1 m/s and 5 m/s at the closed end 
(the velocities anticipated for falling jet evaporators and condensers fall 

*The first and second parameters can be combined into one parameter, f ~ • Q, 
but it does not have the intuitive meaning of the parameters presente~ he~e. 
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within this range). \fuen the solutions are normalized to the end jet veloc­
ity, they are barely distinguishable from each other and fall between the so­
lutions for f = 0.01 and f = 0.02 of Fig. A-3. However, if we plot an abso­
lute scale for the vertical jet velocity (Fig. A-4), we see that the veloci­
ties at the closed end are 4 to 5 times as high for the high velocity solution 
as for the low velocity solution. In the entry and intermediate portions of 
the pipe, the velocities are only 2 to 3 ·times as high for the high velocity 
solution. Hence, as the total flow rate into a section of pipe is increased, 
most of the increase in jet flow occurs at the closed end, which is dominated 
by pressure recovery. 

The computer solutions indicate that the axial component of jet velocity will 
be high compared to the vertical component (see Fig. A-5), except for 
Ax " 1. 0 (the closed end). The jet angles are only weakly dependent upon 
friction factor. Remember that this effect is due to our assumption that the 
jet carries the same axial velocity as is in the pipe. 
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