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Abstract

An analytical investigation has been made of cavitation in a number of pairs of orifice
plates installed within the seawater cooling pipe lines of FFG-7 guided missile frigates.
Four lines, where excessive noise and erosion have been reported, have been analysed;
these are, the fire main recirculating line, the gas turbine start and bleed air cooler lines,
and the prairie air cooler line. The results show that all circuits operate at exceedingly
high levels of cavitation, much higher than the usual acceptable limit. The fire main line
may suffer from supercavitation, possibly causing damage down stream from the second
orifice. Sample design studies indicate that a simple multiple orifice plate arrangement
may eliminate the problem,
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An Analysis of Cavitation Activity at
Orifices of the FFG-7 Seawater Piping
System

1. Introduction

Despite over twenty years of service with the US Navy, the FFG-7 guided missile
frigate has a number of noise related problems. During its service the US.N.
have identified a number of sources of excessive noise and in some cases have
proposed remedial modificitions. The seawater cooling system is one such
source of excessive noise. The USN have expressed concern regarding excessive
noise emanating from orifice plates in the auxiliary seawater piping of this class of
ship [1]. In particular, the orifice plates installed at the following circuits have
been identified:

fire-main recirculating line (RECIRC)

gas turbine start air cooler line (GT SAC)
gas turbine bleed air cooler line (GT BLEED)
prairie air cooler line (PRAIRIE)

These orifice plates are flow control devices designed to give a fixed pressure
drop. Each of the circuits contain two orifice plates located in se11es immediately
downstream from the major component [2]. In three of the four cases the major
component is a heat exchanger with the line ending downstream of the second
crifice at an overboard discharge. The exception is the fire-main recirculating
line. Here the line is a pump by pass which feeds into the pump suction line.
This line ensures a minimum flow will occur through the pump in the event of a
flow obstruction ahead of the pump discharge, nccessary to prevent overheating.
Figure 1 gives a diagram of the arrangement.

In this report a cavitation analysis is conducted of each of these orifices. The
method compares predicted cavitation intensities of the plates with empirically
determined cavitation limits.-
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Figure 1: Schematic of relevant clrcuits,

2. Orifice Cavitation

In order to analytically determine the intensity of cavitation activity within a flow
obstruction, such as an orifice, it is necessary to calculate a cavitation index [3].

This index is inversely proportional to the intensity of cavitation activity. That s,
alow numerical value describes a high degree of cavitation.  The index is defined

as
o=(P,-P)/aP (1)

where Py is the fluid pressure downstream from the orifice, P, is the fluid vapour
pressure, and AP is the pressure drop across the orifice.

The intensity of cavitation can then be determined by comparing the index with
uvmpirically determined cavitation levels. Relevant levels are given below [4):

g, incipient cavitation

o, critical cavitation

o, incipient damage cavitation
- 0y, choking cavitation
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The incipient cavitation level is a highly conservative limit giving conditions at
which no noiss or vibration will be present in the flow [4]. In practice this limit is
rarely used for design purposes.

The next level is the critical cavitation level and is usually regarded as the
aliowable limit of cavitation [4]. At this level noise is low and no damage will
result [3.4].

An incipient damage level has been defined as the point at which pitting of soft
aluminium specimens placed at the boundary is first detected [4]. While soft
aluminium is perhaps not highly representative o the material used for the
seawater piping (nickel copper alloy), the level can nevertheless be used as an
approximate guide to the commencement of damage.

The choked condition is sometimes referred to as suyrcavitation. This
condition occurs when the pressure downstre. v of the orifice drops to vapour
pressure. Under this condition, damage may not occur at the orifice, however at
some point downstream severe damage can occur [4]. Near the onset of choking,
ercsion damage, noise and vibration reach maxima (4).

3. Procedure

3.1 Cavitation Analysis

In order to find the cavitation index (equation 1) of a particular orifice, the
pressure drop across that orifice and the pressure immediately downstream from
it are required.

The pressure drop across the orifice was determined from a resistance factor, K.
A plot of this resistance factor against the orifice-to-pipe diameter ratio was used
to determine K [3]. The pressure drop was then determined via:

AP=Yj pViK 3]

where V and p are the fluid velocity and density in the pipe respectively.

The pressure downstream from the orifice was then found by subtracting this
pressure drop from the supply pressure. For the second orifice of the circuit, the
pressure drop across both orifices was subtracted.

The cavitation levels reported in the literature were determined experimentally.
These are plotted against the orifice discharge coefficient, C,[4]. The discharge
coefficient is a flow parameter used to correct for losses through an obstruction.
It is related to the resistance factor by:

k=(1-C2)/c2 3

The discharge coefficient is fixed by the orifice-to-pipe diameter ratio. Existing
charts can be used to find the discharge coefficient for a particular diameter ratio
[4].

The plots of cavitation levels described above refer to specific reference
conditions [4). These values must generally be scaled to suit particular pipe sizes
and pressures. The incipient and critical cavitation levels are not sensitive to
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variations in pressure level, however they exhibit significant changes with pipe
size. The incipient damage ievel shows no dependence on the pipe size, yet it
exhibits significant variation with pipe pressure. Size or pressure scaling
corrections were made via the empirical equations given [4]. The choking level
of cavitation is fixed for a particular orifice-to-pipe diameter ratio, regardless of
pipe size or pipe pressure. Therefore, in the case of choking, the value found
from the plot was used directly.

There is a rapid method of determining the critical cavitation level for an orifice
[3]. Here a plot is given of the critical cavitation level against the orifice-to-pipe
diameter ratio for various pipe diameters. This method was used for comparison
with the results from the previous method. The accuracy of this latter method is
highly dependent on the ability to precisely pick values from plots and so should
generally be regarded as less accurate.

3.2 Data on FFG-7 Seawater Systems

Information about the orifice plates, including flow rates, pipe internal diameter,
water temperature and the orifice diameter is given in Table 1 [2].

Table 1: Orifice, Pipe and Flow Data [2)

Flow Rate Pipe ID Temp COrifice Diamater
Clrouit First* Second®
Ipm (gpmM# mm (in) *C("P mm (in)
RECIRC 189 (50) 38.5 (1.516) ambient 14.29 (3/16) 14.29 (3/16)
GTSAC 500 (132) $6.2(2.213) 37.8 (100) 21.03 (53/64) 26.59 (1.3/64)
GT BLEED 681 (180) 68.8 (2.709) 37.8 (100) 2461 (31/32) 3178 Q2-1/4)
PRAIRIE 681 (180) 68.8 (2.709) 326 (90.7) 28,00 (63/64) 3135 (1-15/64)

*  First and second orifice refer to downstream position from the major assembly
#  Gallons (US) per minute

There are six pumps present that can service the seawater piping. One or two
pumps is sufficient to provide the cooling requirements. It is anticipated that
more than two pumps would only come into operation during emergencies, to
meet fire-fighting requirements, when noise and vibration would not be primary
considerations.

Each pump is desigried to supply approximately 862 kPa (125 psi) gauge
pressure at 3785 litres (1000 US gallons) per minute [8]. A pumnp performance
curve is shown in Figure 2. If two pumps operate simultaneously, the flow
requirement of each individual pump will halve from 3785 litres per minute
(1000 gpm) to 1893 litres per minute (500 gpm). Figure 2 shows that this will lead
to an increased supply pressure of approximately 1034 kPa gauge (150 psig).
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Figure 2: Pump performance curve [8),
(b

3.3 Simplifications

The pressure at the first orifice of each circuit is equal to the pump supply
pressure minus losses along the line. These losses include pipe friction losscs,
bend losses and losses at major assemblies (such as the heat exchangers).

Calculations have shown (refer to Appendix 1) that the normal head loss along
the pipes is very small. The firemain recirculating line has the highest loss rate,

yet this is only approximately 1.8 kPa per meter of pipe (0.079 psi per foot).

Physical observation of the sea water pipework on HMAS Melbourne under

construction at Amecon, Williamstown, has revealed few bends. On most

circuits there are no bends between the two orifices. Additionally, conservative

estimates have shown, (refer to Appendix 2) that the pressure loss, even at a

sharp bend, is less than 7 kPa (one psi).
Details of the relevant heat exchangers were not available. Drawings of two

exchangers were obtained with similar geometry and flow characteristics to those

in question. These exhibited pressure drops of only 9.0 kPa (1.3 psi) and 20.7 kPa

(3.0 psi).

As a simplifying assumption the analysis assumed that the total pressure drop
in each circuit occurs purely at the orifices. This means that the pressure
immediately upstream of the first orifice is equal to the pump supply pressure,
Psup (gauge). The analysis was conducted at a range of pressure values.  This
alsu allowed investigation of the case where two or more pumps were vperating

at once.

Percent efficiency
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4. Results

4.1 Revised Flow Rates

The flow rate through each circuit, and therefore through each orifice pair is
highly dependent on the supply pressure. A higher supply pressure will allow a
greater flow rate and correspondingly a larger pressure drop across each orifice
(equation 2). This will in turn affect the orifice cavitation index (equation 1).

The flow rates quoted in Table 1 are nominal values. These values were revised
for the purpose of calculating the cavitation index at various supply pressures.

The revised values are plotted in Figure 3, and are based on the resistance factors
given in Table 2.

Table 2: Orifice resistance factors, K [3]

Cireuit Orifice 1 Orlfice 2
RECIRC 134 134
GTSAC 128 40
GT BLEED 160 46
PRAIRIE 1% 50

Figure 3 shows that the rate of flow through each circuit, for single pump
operation, is approximately 20 litres per minute (about five U.S. gallons per
minute) lower than that quoted at Tsble 1. This is disregarding losses occurring
other than at the orifices. For two pump operation (Py,, » 1034 kPa) the result is
an increase of about 30 litres (8 gallons) per minute from the quoted rate.
Concurrent operation of extra pumps will be associated with only limited
increases in the circuit flow rates, as the pump supply pressure will rapidly
approach its maximum (Figure 2).

4.2 Cavitation Activity

The cavitation characteristics of each orifice are presented graphically in Figure 4.
The cavitation index is compared with the cavitation levels [4] described in
section 2 of this report. The critical cavitation level found via the orifice rapid
design technique [3], was found to be approximately 10 percent lower than that
givenin Figure 4.

Apart from the fire-main recirculating line, the plots ave very similar for each of
the first, and also each of the second orifices. This reflects the similarity of the

arrangement both in terms of orifice geometry and flow conditions for each of the
circuits.
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Figure 3:  Flow rates Hirough the circuits at various supply pressures.* (* lgnoring line
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5. Discussion

It is apparent from Figure 4 that in all circuits cavitation is a problem. This is
true irrespuctive of whether a single pump (862 kPa gauge pressure) or several
pumps are considered to be aperating (over 1034 kPa pump supply pressure). 1t
applies for a 70 kPa line loss (considered excessive following the points raised in
section 3.3) prior to the first orifice.  The problem is in fact so severe that no
realistic drop in the supply pressure will provide a satisfactory solution.

The orifices at the fire-main recirculating line reveal two extremes. The first
orifice is operating at an exceptionally low level of cavitation, with a cavitation
index well above the incipient cavitation level. On the other hand, the second
orifice in this circuit is the worst offender of all the orifices investigated. This is
operating with an index within the choking level.

This characteristic is attributed to the fact that this circuit is the only circuit with
both vrifices of identical size (see Table 1). This results in an identical pressure
drop at both orifices. The first orifice can sustain a relatively large drop, since it
is operating at a pressure very much higher than the vapour pressure.  However,
the second orifice Is operating at a much lower pressure, and so an equivalent
pressure drop will result in a large reduction of the cavitation index.
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The conditions at the second orifice of the fire-main recirculating line are of
prime concern for two reasons. Firstly, as mentioned in section 2 of this report,
the onset of choking is associated with the most severe levels of damage, noise,
and vibration. This means that reducing the supply pressure by some amount
could conceivably aggravate the problem. As such, for this orifice, it is not
immediately apparent whether or not single pump operation will be preferable to
multiple pump operation.

The second cause for concern, potentially more serious, is the risk of damage to
the pump. Section 2 states that under the condition of supercavitation damage
may not occur at the orifice but may lead to severe damage at some distance
downstream. This line feeds into the pump suction line.

All other circuits have orifices sized to give larger pressure drops st the first
orifice. As such the cavitation index of the first orifice is of a similar magnitude
to that of the second. Nevertheless these orifices are operating with an
associated cavitation index within the damage level.

6. Recommendations

The most important recommandation to be made is that the cavitation intensity at
the second crifice of the fire-main recirculating line (pump by-pass) be reduced.
This could be achieved by increasing the pressure drop at the first orifice while
reducing the drop atthe second. This will make conditions at this line simdlar to
those at the other circuits analysed. While this is fur from ideal, it will mean the
second orifice will no longer be choked, thus reducing noise and vibration levels,
and eliminating the risk of severe damage occurring at the pump.

While no other orifice has a cavitation intensity as high as that of the second
orifice in the pump bypass,.all orifices studied are operating at unacceptable
levels of cavitation. A solution could be provided by the use of multiple orifice
plates [3]. By having a number of smaller pressure drops in series, the same
overall pressure drop can be achieved without dropping the cavitation index
below the critical level (usual design criteria) at any of the orifices. Appendix 2
gives some examples for the prairie air cooler circuit.

Another possible solution could be provided by the implementation of cascade
orificial restrictive devices (CORD's) [9]. These too involve a number of plates in
series, However, each plate in a CORD has many holes, rather than a single
orifice. Multiple hole plates produce less noise and vibration and can be spaced
close together [4]. In the case of multiple orifice plates the spacing has to allow
the flow to fully develop between plates (see appendix 2). This can potentially
lead to impractical lengths. Reference 9 gives design charts for the sizing of
CORDS for various pressure drops, flow rates and pipe diameters. Figure5is an
example of a CORD.

The author believes that the results of this analysis are severe enough that the
simplifications made do not reduce the strength of the recommendations. The
most important idealisation was that of ignoring line losses, a conservative
simplification resulting in a higher pressure at the first orifice as well as an
increased pressure drop across the orifice pair. This is equivalent to an increased
pump supply pressure. However, the results have been presented as a function
of supply pressure, and it is clear from these that the cavitation characteristics are
not appreciably improved with realistic reductions of pressure.

16
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7. Conclusions

The results of this analysis indicate that all cireuits investigated suffer serious
cavitation problems.  Ateach of the orifice pairs, one or both of the orifice plates
has a cavitation index which is numerically much lower than the critical level,
that is, a cavitation intensity exceeding the usual design limit.

The orifice configuration at the fire-main recirculating line is of particular
concern, Here the first orifice (downstream from the pump) operates free from
cavitation, however the second orifice may be supercavitating (choked). This
will cause damage downstream from the orifice and the pump may well be at
risk.

It seems likely that a multiple orifice plate arrangement can provide a
satisfactory solution.

17
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8. List of Symbols

orifice discharge coefficient
pipe inside diameter

orifice diameter

pipe friction coefficient
acceleration of gravity

friction loss of head in pipe-line
resistance factor, loss coefficient
pipe length

down-stream pressure

pump supply pressure
up-stream pressure

vapour pressure of water

water flow rate

pipe bend radius

flow Reynolds number

pipe inside radius

water temperature

water flow mean velocity
down-stream distance from orifice for complete flow pressure
recovery

ratio of orifice to pipe inside diameter
height of pipe surface irregularities
pipe bend angle

water coefficient of viscosity
water density

flow cavitation index
critical cavitation level
choking cavitation level
incipient cavitation level
incipient damage cavitation level
pressure drop
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Appendix 1
Pipe Friction Losses

The loss of head, ky, in a pipa is nﬁmahd by the well known D'Arcy equation [6]:

2
2gd
where f is the friction coefficient, L the length of pipe, V the fluid velocity,

g the acceleration of gravity, and d is the pipe diameter. The actual pressure loss,
per w-t length of pipe, follows thus:

AP=pgh, w2fpV?/d (5)

where p is the fluid density.
The friction coefficient depends on the flow Reynolds number and the pipe
relative roughness. The Reynolds number is given by Re = pVd/j, where W is the

fluid viscosity. The relative roughnoss, ¢/d, is the ratio of height of the surface
irregularities to the pipe diameter.

Using the pipe and flow data at Table 2, the Reynolds number can be
determined.

firemain recirc line:
Q = 189 litre/min

38.5 mm
ambient sea water temp.

d
T
v 4Q/n d? = 4(189 x 103/60) / & (38.5 x 10'3)2
271 m/s

999.1 kg/m?
1.308 x 10 kg/m.s

0

Re = 796x104
gas turbine start air cooler line:

Q = 500 litre/min
d = 56.2mm

T = 378C

V = 335m/s

p = 994.1kg/md

B o= 0723x10%kg/ms

Re = 275x10°

20
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gas turbine bleed air cooler line:
Q = 681litre/min
d = 688mm
T = 378%C
V = 305m/s
p = 994lkg/md
B = 0723x10%kg/m.s
Re = 3.05x10°
prairie air cooler line:
Q = 681 litre/min
d = 688mm
T = 326C
V r 305m/s
p. = 9957kg/m?
poov 1595x10%kg/ms
Re = 273x10°

Charts exist which give curves or the friction coefficient against the Reynolds
number for various values of relative roughness. Such a chart [6] was used to
determine the friction values shown on Table 3, The value for the height of the
surface irregularities was taken as € = 0.0015 mm. This value is quoted for drawn
pipe [6]. Table 3 also gives the relevant rates of pressure loss per metre length of
pipe (from equation 5).

Table 3: Pipe Friction Pressure Losses

Circuit (10%) Re (10°%) e/a* f* ap
Loss per Metre of Pipe
(kPa/m)
RECIRC 0.796 39 0.0047 1.79
GT SAC 275 27 0.0037 147
GT BLEED 3.05 22 0.0036 0973
PRAIRIE 273 22 0.0037 0.995

# From existing chart (6).
* ¢ =0.0015 mm for drawn plpe [6].

21
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Appendix 2
Pipe Bend Losses

The loss in pressure due to fluid passing through a pipe bend can be given by a
loss coefficient, K (similar to the resistance factor for orifices), as such:

Apzx.yzpw (6)

where p is the fluid density and V the fluid velocity.
The value of K depends on the flow Reynolds number, Re = pVid/ j (where pis
the fluid viscosity and d the pipe diameter), the severity of the bend, R/d (where

R is the bend radius), and the bend angle, 8 [5). Figure 6 show the parameters
involved.

R/d =172
090!

Figure 6: Pipe bewd parameters.,

A conservative pstimate can be made by limiting the analysis to the case of
sharp, right angled bends (see Fig. 6). This will give us 8 = 90° and R/d = 1/2,
The loss coefficient for Reynolds numbers less than 8 x 105 can be found from [5].

Kie = (K, g ) (5x10% 7 Re)™ (7)

Re28x]

where Kyasao® is the loss coefficient for Re 25 x 105, For 8 =90° and R/d = 1/2,
we have {b]:

22
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The Reynolds number and other flow parameters have been determined at

Appendix 1 for each circuit. These values can be inserted into equations 6 and 7
to give the losses shown in Table 4.

Table 4: Pipe Bend Losses

Circult (10%) Re K 1/2pV2 ap
Loss Per Pipe Bend*

(kPa) (kPa)

RECIRC 0.796 137 d.68 5.05

GTRBSTART 278 122 558 681

BLEED 3.05 120 4.61 5.54

PRAIRIE 2.73 122 4.62 5.63

* Coruervatively bends are assumed to have 8 w 90° and R/d = 1/2.
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Appendix 3
Multiple Orifice Plates

1. Design to Critical Cavitation Level

A number of orifice plates in series (Fig. 7) can provide a gradual pressure drop
to avoid cavitation. In this appendix, the two orifice plates in the prairie air cooler
clreuit are replaced by a multiple plate system, Each orifice plate is sized to
provide the maximum pressure drop without actually exceeding the design
cavatation level (in this case the critical level, o). It is important to maximise the

pressure drop at each orifice, as this will reduce the total number of plates
necessary.

Fignure 70 Multiple ovifice plate system with "n” plates,

From Table 2 and Appendix 1 we have the following data for the prairie air cooler

circuit:
Q = 681 litre/min
d = 688 mm pipeinternal dlameter.
poo= 9941 kg/m? fluid density.
P.= Y64 kPa gauge fluid vapour pressure 7).

Also assume

P, = 827 kP’a gauge, pressure immediately upstream of multiple
orifice.
Al = 827 kl'a gauge, total required pressure drop.

The procedure is based on that of reference [3]. Each orifice is sized successively,
commencing at the downstream end (i.e. orifice 1). The method requires a first
guess at the orifice to pipe diameter ratio, p = d,/d. This is used to determine the
resistance factor, K, which then gives the orifice pressure drop (equation 2).
liquation 1 is then used to determine the cavitation index for the orifice, o, which
can be compared to the eritical level, .. . If 6 <o, then a new smaller value of B
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has to be used. This Is continued until a satisfactory cavitation index is achieved.

The whole procedure is repeated for each orifice.

Orifice 1:
Pd.l " 0

Orifice 2;
Pyy= Py + AP,
= 557 kPa

try

hence

try

5

04, d, = 27.52 mm

97, [3]

450 kPa (65.3 psi), equation 2
0.214, equation 1

0.9, [3}

unsatisfactory

0.6, d, = 41.3 mm
12

55.7 kPa

173

16

OK

05,d, = 34.4mm
30

139 kPa

1.09

115

unsatisfactory

0.5, d, = 37.8 mm
17.5

811 kPa

1.87

135

however try getting closer

0.51,d, = 35.1 mm
27

125 kPa

121

11

OK
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Orifice 3: try By = 045d,=31.0mm

Pgy= Py; + AP, Ky ~ 52
= 181 kPa APy = 241 kPa
6, = 115
Oy ~ 11
>0, OK
Orifice 4 try By = 04,d,=275mm
Pd4= P43+AP3 K‘ - 97
=~ 422 kPa AP, = 450 kPa

gives Py + AP, = B73 kPa
however weneed Py + AP, = 827 kPa, systemn upstream pressure

hence AP, = 405KkPa

fromequation2 K, = AP,/ (1/2pV?) w87
gives B, = 041,4d,=282mm
c = 128
Oy =~ 093
¢>0, QK

The above fixes the number of orifices required and the orifice diameter in each
case. The next important design parameter is the plate spacing. For proper
cavitation free operation the orifice plates must be spaced a certain axial distance
from each other. This spacing is the axial distance, x downstream from each
orifice necessary for complete pressure recovery [3]. An existing chart of B
against the ratio x/Rp (where R, is the pipe radius), can be used for this purpose
[3]. This chart suggests:

%R, = 1075 (1- B)
x = 5384 (1-P) ®)

The final details of the multi orifice system are given in Table 5.

Table 5: Multi orifice system for Prairie air cooler circuit. Design to o, "tolerable
noise limit" [4]

Orifice No. B AP x d
(kPa) (mm) (mm)

1 0.60 55.7 - 413
2 0.51 125 180 351
3 045 241 203 344
4 041 405 218 28.2

Total pressure drop ...ccommmmmninin 827 kPa

Total length ..., e 601 mm
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2. Design to Incipient Cavitation Level

In this section of Appendix 3 a similar procedure is followed to that of section 1 of
the Appendix. This time, however, a multiple orifice plate system is sized to the
incipient level of cavitation, ¢; (no noise imit). As discussed in the main body of
this paper o, is a highly conservative limit rarely used for design purposes. The
purpose here is to investigate the practicality of such a system.

The terminology and plate numbering scheme is identical to that previously
used, Once again the prairie air cooler circuit is used as an example. The flow
and pipe data is ay for the previous example. This time the method of reference
(4] is used to determine 6, This is somewhat more involved than the
determination of 6, via reference [3], requiring adjustment for size scale effects.

It may be more convenient to first determine o; for a range of p values, thus
constructing a chart. For more extensive computation, the method of reference
[4] lends itself well to automation on computer.

Orifice 1: try B
P,_u =0 hence Cdl

K
AP,
G

0.65, d, = 44.7 mm
0.358, [4]

6.8, equation 3

31.6 kPa, equation 2
3.05, equation 1
313, [4]

R

o<o; tryagain

ey B, = 066,d,=454mm
Ccu = 0.374
K1 = 6.2
AP, = 28.6KkPa
G, = 3.36
Cu = 3.29
g>0 OK
Orifice 2: try B, = 0.6,d,=413mm
Pyy= Py, + AP, Cay = 0287
= 28.6 kPa K, = 111
AP, = 51.6kPa
O, = 242
oy = 246

0 <0, tryagain

27




- e b o e 37 % e

Orifice 3:
Pyy= Py + AP,
= 754 kPa

Orifice &
Pyym Pygy+ AP,
= 160 kPa

try

12

a
v
Qa

0.62,d, = 42.7 mm
0.314

9.1

42.4 kPa

2.95

271

however try getting closer

0.61, d, = 42.0 mm
0.301

10.1

46.8 kPa

2,67

2.58

OK

0.55, d, = 37.8 mm
0.228

183

84.8 kPa

2.02

197

OK

040, d, = 27.5 mm
0.106

88.0

408 kPa

0.63

1.16

unsatisfactory

0.50, d, = 34.4 mm
0.179

30.2

140 kPa

1.83

1.63

however try getting closer
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try

try

Orifice 5: try
Pds - P“ + AP4
= 316 kPa

try

Orifice 6: try
Pdﬁ = Pd5 + AP5
= 611 kPa

gives

however we need

hence we need

By = 048,d,=33.0mm
Cu = 0161

Ky, = 376

AP = 1744 kPa

o, = 147

¢ <0, unsatisfactory

B, = 049,d,=337mm
ch = 0170

K, = 336

AP, = 155.8 kPa

C‘ = 1-64

oy = 157

c>0; OK

Bs = 045,d,=31.0mm
Cd5 = 0.138

K5 = 513

APy = 238 kPa

Cs = 1.67

Cp = 1.35

6> 0; however try getting closer
Bs = 0.43) do = 2916 mm
Cas = 0125

K; = 63.5

APy = 294 kPa

Oy = 1.35

os = 126

>0, OK

Bs = 0.38,d,=261mm
Cdg = 0.095
K¢ = 109
AP6 = 506 kPa
Pd6 + A.Pb = 1117 kPﬂ
Pys + APg = 827 kPa, system upstream pressure
APy = 216 kPa

This is a smaller pressure drop than that at orifice 5, as such it must be a much
smaller pressure drop than the maximum allowed by the cavitation criteria,
Thus, the pressure drop at orifice 5 can be reduced, increasing the cavitation

index there, o,
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Revised Orifices 5 and 6:
These two orifices must provide a total pressure drop of:

APy + APy = Py, = Pys
= 827 - 316 kPa
= 511 kPa

If we allow an equal pressure drop at each orifice:

APs + AP, = 511/2 =256 kPa
fromequation2 Kg = Kg = APg/ (1/2 pV?) = 55.1
gives[3] Py = By = 0.45,d, = 31.0 mm

The number of orifices and the orifice diameters have been specified. It is now
necessary to determine the plate spacings. This will be given by equation 8. The
final details of the system are listed at Table 6,

Table 6: Multi orifice system for Prairie air cooler cirruit, Design to ¢, "no noise
limit" [4]

Orifice No. B AP x d,
(kPa) (mm)

1 0.66 28,6 - 454
2 0.61 46.8 145 42.0
3 0.55 84.8 168 37.8
4 049 156 188 33.7
5 045 256 203 310
6 045 256 203 310

tots) pressure drop ... 828 kPa

total 1NN i 907 mm
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