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Abstract

Compared to single-hole orifices (SOs), multi-hole orifices (MOs) have smaller orifice sizes and various patterns of orifice distribution.
The geometric description of MOs is more complex, increasing the difficulty of MO structural design. Therefore, it is worthwhile to in-
vestigate the key factors affecting MO throttle or flow control characteristics and to develop a general MO design method. This work
presents a practical geometric design methodology for MOs and applies this procedure in throttle experiments. To describe the MO ge-
ometry in detail, the methodology first introduces a comprehensive set of geometric architectures involving orifice arrangement criteria
and geometric parameters such as the total orifice number, n; the orifice distribution density, Dd; and the equivalent diameter ratio, EDR.
Then, a series of throttle tests in water flow are conducted to investigate the effect of various geometric features on the pressure loss char-
acteristics of MOs. Finally, a simple model to calculate the pressure loss coefficient of MOs is presented.
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1. Introduction ’J?electrc wire

Orifice plates are widely used as throttle fittings in refrig-

eration and heat pump systems. Fig. 1 shows an electric ex- | N

pansion valve that uses circular orifices as throttle devices.

The orifices are installed at the bottom of the expansion valve. ECL] Gt stepping
S~ ——motor

Liquid refrigerant flows through the orifices and flashes to gas
because of the pressure drop created by the orifices. Refriger- .
ant mass flow is regulated by the motor-driven screw stem. it -

Fig. 2 shows an integrated evaporator condenser in which I
the condenser and evaporator are separated by the thermal
baffle and the orifice plate that throttle the refrigerant drawn
from the condenser into the evaporator. The orifice can also
regulate refrigerant mass flow when the difference between
the evaporate and condensate pressures changes.

. . . . « single-phase

Fig. 3 describes the configuration of a two-stage MO fitting refrigerant
applied in some refrigeration systems.

As Fig. 3(a) shows, the flow of liquid refrigerant through
the primary orifice occurs without a phase change because the
refrigerant generally has a higher entry pressure in the full ~ curs through the primary MO because the refrigerant experi-
load condition. After the primary throttle process, the refriger- ences a pressure decrease in the partial load condition. As a
ant passes through the secondary MO and flashes to gas. consequence, the gas-liquid refrigerant flows across the sec-

In Fig. 3(b), the phase change of the liquid refrigerant oc-  ondary MO, and the gas lock phenomenon occurs at the mi-
W&s recommended for publication in revised form by Associate Editor cro-size perforated holes, which decreases the refrigerant mass

Simon Song flow entering the evaporator and induces a flow adaptation
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Fig. 1. Typical electric expansion valve.
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thermal baffle

condenser

arifice plate

Fig. 2. Integrated evaporator condenser.

sure loss coefficient of the integrated throttle fitting to be ad-
justed by changing the position of the movable MO. This is
another novel way to realize adaptive flow regulation.

According to the above illustration, MOs appear to have
various potential applications because of their convenience
and low cost, but more work is needed to realize these applica-
tions. The uncertain orifice arrangement and complex geomet-
ric features of MOs complicate their structural description and
design, greatly restricting the application of MOs. To solve
this problem, a general MO structural design methodology
needs to be investigated, and a simple MO pressure loss
model needs to be further studied.

With particular reference to orifice geometry and pressure
loss characteristics, in his early study, Anderson [1] related the
dependence of the primary frequency on differential pressure
to the orifice geometry with a circular-orifice number. The
acoustic effects of cavitation were discussed by testing a circu-
lar-centered single-hole orifice and a multi-hole orifice by P.
Testud et al. [2]. The pressure loss coefficients of square-
edged orifices and perforated plates were determined by Guo-
hui Gan et al. [3]. Some researchers have studied two-phase
flows: M. Fossa et al. [4] investigated two-phase flow pressure
drop and void fraction profiles with respect to the effect of the
area contraction ratios and orifice thicknesses. G. Kojasoy
conducted a similar study on two-phase pressure drops in
multiple thick and thin orifice plates [S]. Saadawi et al. con-
ducted experimental investigations of two-phase flows across
orifices in large diameter pipes [6].

As shown by the above literature review, few studies have
investigated the structural design issue of orifices, especially
MOs. Even in the few studies involving MOs, a comprehen-
sive set of geometric orifice parameters and their influences
on the MO pressure loss coefficient were not sufficiently ad-
dressed.

This paper presents a novel and general methodology for
MO geometric design, and this method was applied in a series
of throttle tests under single-phase conditions. A simple pres-

from condenser

single-phase refrigerant

secondary multi-hole orifice

primary multi-hole orifice

= to evaporator
v

two-phase refrigerant

(a) Full load condition

from condenser

single-phase refrigerant

adaptive flow control air lock at small holes

______ < ;o evaporator

two-phase refrigerant

(b) Partial load condition

from condenser

variable pressure loss coefficient

movable

(c) Removable design

Fig. 3. Two-stage multi-hole orifice throttle device.

sure loss coefficient model of test MOs is provided based on
the design methodology and test results.

2. Methodology conception

MO geometry and refrigerant properties are both known to
affect the pressure drop across MOs under two-phase condi-
tions. Generally, a large body of test data is needed to deter-
mine the correlation between these two characteristics and the
MO pressure loss. For convenience, this paper emphasizes the
MO geometry effect and leaves the influence of the refrigerant
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primary center circle

secondary center circle

(a) 9-hole MO without a centered orifice

Dc2=2Dc1

(c) 13-hole MO with a circular arrangement

Fig. 4. Description of the orifice arrangement.

flashing process on MO throttle capability for consideration
by future studies. Therefore, the throttle tests in this work
were conducted under water flow.

In present work, the presented methodology mainly consists
of the definition of the MO geometric architecture and two-
stage throttle experiments. The primary experimental stage
investigated how the different geometric features mentioned in
MO geometric architecture affect the MO pressure loss coeffi-
cient. The secondary experimental stage constructed a model
of the MO pressure loss coefficient based on the dominant
geometric parameter extraction study conducted in the pri-
mary experimental stage.

3. MO geometric architecture

3.1 Orifice arrangement criteria

The random number and arrangement of orifices leads to
the complexity of MO geometry. To avoid this complexity,
the following criteria were defined for all MOs discussed in
the present work.

(1) All holes in each MO have a uniform size and are manu-
factured using the same technique. The orifice plate thickness
was 2 mm. Detailed craft specifications were according to
ISO5167-1 [9].

primary center circle

secondary center circle

(b) 9-hole MO with a centered orifice

dnio=di2=dn3 dno=dn2s

(d) 13-hole MO with a rectangular arrangement

(2) Each orifice center was located in a set of concentric
circles defined as center circles, as shown in Fig. 4(a), (b).

(3) Orifice arrangement should be as symmetrical as possi-
ble, and the spacing among most orifice centers should be
equal.

(4) The total orifice number ranged from 3 to 13, and the
maximum number of center circles was 3.

The various patterns of orifice arrangement can be further
categorized as follows:

(1) MOs were prepared with or without a centered orifice,
as shown for typical 9-hole MOs in Fig. 4(a) and (b), respec-
tively.

(2) Two different center circle arrangements were consid-
ered in the present work. The first mode is a circular arrange-
ment, in which the center circle location was primarily fixed
according to the correlation D,,=nD,,, resulting in symmetric
orifices located around these center circles as shown in Fig.
4(c).

The second mode is a rectangular arrangement with four
orifices at each center circle. This arrangement primarily con-
siders the consistency of the spacing between each orifice
center, resulting in fixed center circle locations as shown in
Fig. 4(d).

The circular arrangement is better bedded than the rectan-
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Fig. 5. Schematic of the test rig.

Fig. 6. A portion of the test section.

gular arrangement, and the location of the center circle is not
restricted by the orifice spacing, while the rectangular ar-
rangement has a more symmetric orifice distribution and the
orifice spacing controls the location of the center circle.

3.2 Key geometric parameters

According to the above definitions, the following three
geometric parameters were used to quantitatively characterize
the MO geometry.

(1) The total orifice number, 7.

(2) The equivalent diameter ratio, EDR, which represents
the square root of the total open area ratio and is expressed as
n"*d/D. EDR has the same geometric meaning as the diameter
ratio defined for SO specified in ISO5167.

(3) The orifice distribution density Dg4, which is expressed
as dymin/D, Where dyyi, represents the minimum spacing be-
tween the edges of the orifices located at adjacent center cir-
cles.

The above arrangement criteria and geometric parameters
can be used to explicitly describe the MO geometry.

4. Experimental set-up

4.1 Experimental theory

This paper adopts the pressure loss coefficient to represent
the local MO pressure drop characteristics. The pressure loss

AP
£ M
Relative relations can be expressed as
AR =p,=Pa @
B ©)
4
V:T%z @
0,= kf\/ﬁf : ®)
Yol

In Eq. (5), k¢ is a transformation factor provided by the
flowmeter manufacturer. Starting from Egs. (1)-(5), & can be
rewritten as in Eq. (6) in terms of pg,, ps and 4Pg, which can
be directly experimentally measured.

2

" 8kAR,

4

Cf (psu - psd) (6)

4.2 Test rig

The experimental data were obtained from the test rig
shown in Fig. 5. The rig mainly consisted of a testing section,
an orifice flowmeter and pressure transducers. The testing
section was 6 m long. A transparent horizontal pipe with an
inner diameter, D, of 50 mm was chosen to investigate the
flow pattern. The test orifice plate was fixed on a test section
with a flange connection (shown in Fig. 6). Dematerialized tap
water was used in all experiments with a water velocity from
0.1 m/sto 1 m/s.

The test section was equipped with eight pressure taps. The
static pressure differences for & calculations were obtained by
two mean values collected by tapping at distances of 6D, 9D
and 12D upstream and distances of 20D, 24D and 28D, aver-
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standard orifice

9-0-C

Fig. 7. Test plates employed in test 1.

aged separately. The test section was also equipped with two
pressure taps located at a distance of D upstream and D/2
downstream to compare the test results with the correlations in
ISO 5167. This test rig was used to obtain profiles of the pres-
sure drop versus the mass of water flowing through the test
orifice plate, providing a comprehensive characterization of
the pressure loss of each test orifice.

4.3 Experimental error analysis

The relative error of the pressure loss coefficient, RE (&),
was evaluated by Eq. (7) using the error combination law on
Eq. (6) and measuring the error of the relative testing instru-
ment.

s s

(AE(AP»]Z . [AE(psu)jz +(AE%)JZ N
M) LA Ak @)
1{%} +4(RE,(0,))

where REso(Q,) refers to the relative error of O, associated
with the flowmeter used for measurement. This term can be
neglected, as can AE(D)/D; the values of these terms are small
compared with the measurement error generated by the pres-
sure transducers.

Suppose that the measurement errors of all transducers used
in the test were equal. The, the errors can all be expressed as
AE(AF,) = AE(AP,) = AE(AP,) = AE(transducer) , and Eq. (7)
can be rewritten as

RE(¢$) = AE(transducer) (APf,)*2 +2(AP, )72 ] ®)

According to Eq. (8), the transducer accuracy should satisfy
the 0.1% requirement to ensure that the maximum RE(¢) is
less than 5% under the worst-case condition.

6-0-C (form 2)

4.4 Experimental layout

¢ is known to be dominated by the geometric features of
singularity in the square resistance region, including the ori-
fice arrangement and the three geometric parameters discussed
above.

Therefore, the following test can be divided into the test of
the MO geometric features and the MO ¢ modeling test. The
primary testing stage analyzed the effect of the orifice ar-
rangement and key geometric parameters on ¢ to simplify the
quantitative description of the MO geometry for modeling.
The secondary testing stage proposed a & correlation based on
the test data.

5. Testing the effects of MO geometric features

5.1 Testing the effect of orifice arrangement (test 1)

This test aimed to determine the effects of different orifice
arrangements on the pressure loss coefficient. Ten test plates
with EDR (or DR)=0.4 were employed to perform this task,
and their descriptions and photos are shown in Fig. 7. For the
sake of brevity, the specific arrangement features of each MO
are described in a simple manner as A1-B1-C1, where Al
represents n; B1 equals 1 or 0 to indicate whether or not the
test plate has centered holes, respectively; and CI is R or C
indicating a rectangular or circular arrangement, respectively.

Fig. 8 shows each ¢ value as a function of Rep, . The results
show that for lower Rep, & generally increases with Rep, while
the difference between the test plates’ & values appears to be
much greater than that at higher Re, values. When Reyp, is near
10,000, there was a 47% deviation between the & value ob-
tained from SO and that from 9-1-C. The difference gradually
decreases to 17.7% when Rep increases to 15,000, and then
the difference remained stable for higher Rep values. Mean-
while, Rep=15,000 represents a cut-off point at which the &
values started to deviated from the regression lines, which are
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represented as two continuous lines in Fig. 8.

Note that & is usually greater for test plates with fewer ori-
fices. This behavior is displayed in Fig. 9, which shows the
effect of orifice thickness evaluated in terms of s/d on the
mean values of & s/d represents the dimensionless orifice
thickness, where s is the orifice thickness (detailed specifica-
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Fig. 8. Effect of the Reynolds number on the measured pressure loss
coefficient (test 1).
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tions were according to ISO5167-1) and was 2 mm for all test
plates in this paper, and d is the restriction diameter of sepa-
rated throttle holes.

According to Chisholm [7], all test plates here can be classi-
fied as thin plates due to their s/d values (s/d<0.5). & generally
increases with decreasing s/d, with a 24% decrease in ¢ ob-
served when s/d is increased from 0.1 to 0.38. The minimum ¢&
was attained with an s/d ratio of 0.3, at which & undergoes a
sharp decrease. This behavior can be ascribed to the pattern of
orifice distribution, which induced a stronger decrease in ¢ to
overcome the influence of s/d. The data also reveal that vari-
ous orifice arrangements result in different & values at the
same s/d value, which is represented in Fig. 9 as three lines
with arrowheads.

5.2 Testing the effect of geometric parameters (test 2)

In this test, test plates with fixed orifice arrangements such
as 3-0-C, 6-0-C (form 2) and 9-0-C were used to investigate
the influence of three geometric parameters on the pressure
loss coefficient. Nine test plates were selected with various
combinations of three different n values (n=3, 6, 9), three dif-
ferent EDR values (EDR=0.2, 0.3, 0.4) and three different Dy
values (D4=0.02, 0.04, 0.08). For the sake of brevity, the plates
are referred to using the notation A2-B2-C2, where A2, B2
and C2 indicate the values of n, EDR and D, respectively. Fig.
10 shows images of and detailed information on these test
plates.

Fig. 11 shows the overall test results in terms of ¢ as a func-
tion of Rep. As can be observed, the experimental data can be
divided into three regions ranging from 1500 to 2000, 250 to
500 and 60 to 120. These regions are mainly characterized by
different EDR values. For higher EDR values, the data have a
lower dependence on Rep. Meanwhile, the other two geomet-
ric parameters appear to have extremely weak effects on the
pressure loss coefficient. These results demonstrate that EDR

3-0.4-0.08

6-0.3-0.02 6-0.4-0.04

6-0.2-0.08

Fig. 10. Test plates employed in test 2.

9-0.4-0.02

9-0.2-0.04 9-0.3-0.08



T. Zhao et al. / Journal of Mechanical Science and Technology 25 (9) (2011) 2237~2246 2243

2500

3-0.2-0.02
3-0.3-0.04
3-0.4-0.08
6-0.3-0.02
6-0.4-0.04
6-0.2-0.08
9-0.4-0.02
9-0.2-0.04
9-0.3-0.08

2000

1500

> g

D>e

®

>i®

>
PDODPoOceOeBON

1000

pressure loss coefficient &

T 2 B @ pF 4 @
& a8 L & Q@ @A &® & QA
10000 12500 15000 17500 20000 22500 25000
Reynolds number R

Fig. 11. Overall results of test 2.
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Fig. 12. Range values of the geometric parameters studied here.

has the dominant effect on pressure loss.

Fig. 12 presents more explicit evidence for the relationship
between geometric parameters and the loss coefficient using
the aid of range method. As can be observed, the range values
for n, Dy and EDR were 177, 137 and 1560, respectively,
demonstrating the overwhelming influence of EDR on &, es-
pecially for test plates with EDR values ranging from 0.2 to
0.3, due to the high range value in this domain (nearly 1400).

These data allowed us to conclude that EDR is the dominant
geometric parameter because of its very strong influence on
the & of MO, as seen in Fig. 10. Therefore, it is feasible to
adopt EDR as the single parameter affecting & in a further
modeling study.

6. Modeling the MO pressure loss coefficient

6.1 Testing the accuracy of the test rig using SOs according
to ISO5167 (test 3)

Based on the investigations above, this test was designed to
model the relationship between ¢ and EDR using five 6-0-C
test plates (form 2). First, we analyzed the detailed geometry
of the MOs. As can be observed in Fig. 13,

D<D ©)

Fig. 13. Configuration schematic of 6-0-C (form 2).

D' =4.155d +8.311, +3.154d, . (10
EDR =6 1n
D
d. .
D, :—;')“'" ) (12)

Starting from Eqgs. (9)-(12), the relationship between EDR,
Dy and [, can be determined as

EDR <0.59-1.86D,-4.9/.D™". (13)

Adopting a Dy value of 0.02, the EDR should be lower than
0.454 because of the test restrictions of D=50 mm and /=1
mm. According to the EDR range, ten test plates (shown in
Fig. 14) including five 6-0-C (form 2) MOs with EDR=0.25,
0.3, 0.35, 0.4 and 0.45 (denoted as M-EDR) and five SOs
(defined in ISO5167) with DR=0.25, 0.3, 0.35, 0.4 and 0.45
(denoted as S-DR) were chosen for this experiment. Because
EDR and DR have the same geometric meanings for MO and
SO, respectively, the results of this test can be compared to
available correlations proposed in ISO5167 to investigate the
reliability of the test data. The relevant equations can be gen-
eralized as:

2 2
o u Re _
ARy by =0.5p I(Bj [ CDj (DR -1) (19

where 4P pp) represents the pressure difference using the D
and D/2 pressure tapping measurements.

The SO discharge coefficient C can be calculated using the
Stolz equation (Eq. (15)) [11] and the Reader-Harris/Galla-
gher equation (Eq. (16)) [12] to determine the discharge coef-
ficients according to ISO5167 (1991) [8] and ISO5167 (2003)
[9, 10], respectively.

C =0.5959+0.0312DR*'
-0.0184DR® +0.0029DR**(10° /Re,,)*” (15)
+0.039L,DR*(1- DR*)™" - 0.0337L,DR’
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S-0.25

M-0.25 M-0.3

Fig. 14. Test plates employed in test 3 and test 4.
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Fig. 15. Pressure difference between the D and D/2 pressure measure-
ments as a function of the Reynolds number.

C =0.5961+0.0261DR* —0.216DR® +

0.000521(10° DR /Re,)"” +(0.0188 + 0.00634) DR**(10° / Re, )™
+(0.043+0.08¢ """ —0.123¢7")(1—0.114)DR* /(1- DR*)
~0.031(M —0.8M"")DR'" +0.011(0.75— DR)(2.8 — D/25.4)

(16)

where L;=1, L,=0.47 for the D and D/2 pressure tapping
measurements, and A=(19000DR/Rep)0.8, M=-2L,/(1-DR).

Fig. 15 shows 4Py as a function of Rep. The experimen-
tal data were compared with the Stolz equation and the
Reader-Harris/Gallagher equation.

As can be observed, near S-0.25, the experimental data are
fit well by the correlations involving both the Stolz and
Reader-Harris/Gallagher equations, especially for a higher
DR(EDR) or a lower Rep. These comparisons may explain the
reliability of this experimental set-up, and they indicate that
the model is sufficiently accurate for use in a further modeling
study on the ¢ value of 6-0-C plates (form 2).

Furthermore, it is worth noting that the Stolz equation al-

S-0.35 S-0.4

S-0.45

M-0.4

M-0.45

ways over-estimates 4Pppp) as calculated by the Reader-
Harris/Gallagher equation, with 2%, 1.7%, 1.4%, 1.0% and
0.6% deviations for DR(EDR)=0.25, 0.3, 0.35, 0.4 and 0.45,
respectively.

For the same Rep, the 4Pp pp) value of 6-0-C (form 2) was
generally greater than that of SO, with a 6.5% deviation when
DR (EDR)=0.25. The difference in 4Pqppp, decreases with
increasing DR (EDR) values, with a 1.5% deviation as DR
(EDR) =0.4. This trend also applies to Rep, as when DR (EDR)
=0.3, the differences in APpp, were 0.9% and 3.8% at
Rep=9600 and Rep=19,200, respectively.

6.2 Modeling the MO pressure loss coefficient (test 4)
For the MOs presented in Fig. 14:
& = Function(n,D,, EDR) . 17)
According to the results of test 2, Eq. (17) can be simplified as
& = Function(EDR) . (18)
The model &=Polynomial(EDR)(EDR -1) was adopted for

the ¢ correlations. The results are shown in Fig. 16 with the
following model description:

E(EDR) = P,(EDR™*** -1) (19)
&(DR) = R(DR™"" ~1) (20)
where

P, =160.325(71.467EDR* —100.300 EDR’
+52.021EDR* —11.801EDR +1)

P, =150.848(74.679DR* —103.507 DR’
+53.001DR* —11.874DR +1).
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Fig. 16. Fitting curves vs. experimental data.

M-0.37

M-0.43

Fig. 17. Test plates employed in test 5.

As shown in Fig. 16, the two curves for SO and 6-0-C (form
2) exhibit almost the same trend when DR (EDR) is greater
than 0.27. The ¢ value of 6-0-C (form 2) was slightly greater
than that of an SO when the DR (EDR) was lower than 0.27.

6.3 Validation of the & model (test 5)

To verify Eq. (19), another four 6-0-C (form 2) plates with
EDR=0.27, 0.33, 0.37 and 0.43 were tested, as shown in Fig.
17. The results are presented in Fig. 18. Note that Eq. (19)
agrees well with the experimental data obtained from the four
test plates when EDR ranged from 0.25 to 0.45.

7. Conclusion

This paper introduced an MO structural design methodol-
ogy and implemented it experimentally. First, the MO struc-
ture was quantified through the geometric architecture. Then,
experiments were used to simplify and further develop the

700
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Correlation Eq.(19)
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pressure loss coefficient &
N w o
o o o
o o o
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o
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o
S

0.20 0.25 0.30 0.35 0.40 0.45 0.50
EDR

Fig. 18. Model validation results.

correlation between MO geometric features and &. The final &
model is highly accurate, indicating that the methodology used
here is effective.

This study leads to the following conclusions:

(1) The ¢ values of MOs are generally higher for MOs with
fewer perforated holes. Even though all test plates can be clas-
sified as thin orifices, the s/d value is the dominant factor de-
termining the MO ¢ value, and the orifice arrangement is also
an important aspect affecting the MO ¢ value.

(2) The orifice arrangement of MOs can be expressed by
three key parameters: the total orifice number, n; the equiva-
lent diameter ratio, EDR; and the distribution density, Dy.
EDR has a dominant influence on the MO ¢ value compared
with the other two parameters.

(3) The geometric factors can be ranked according to de-
creasing effect on & as EDR, n, Dy, s/d and orifice arrangement
form.

(4) The relationships between EDR and DR were used to
compare available correlations with the test data. This com-
parison revealed that the test apparatuses had an acceptable
accuracy, as the results fit with correlations using either the
Stolz or Reader-Harris/Gallagher discharge coefficient models.

(5) The model obtained in the present paper provides a reli-
able MO ¢ prediction with EDR values ranging from 0.25 to
0.45. The test procedures may also be applied to MOs with
other orifice arrangements.

(6) The design methodology and test procedure presented in
this work allow for the simplification of the structural design
of MOs. This work also provides a good reference for further
studies of MO throttle characteristics in two-phase flow sys-
tems.
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Nomenclature

AE : (Effective) work potential absolute error value

C : Exergy discharge coefficient

D : Energy of a system inner diameter of pipe, m

D’ : External edge diameter, m

D, : Diameter of center circle, m

Dy : Orifice distribution density

DR : Diameter ratio of single-hole orifice

d : Orifice restriction diameter, m

Armin : Minimum spacing between the edges of orifices

located at adjacent center circles, m

EDR  :Equivalent diameter ratio of multi-hole orifice /,
difference between the orifice edge radius and the
orifice radius, m

n : Total number of orifices

P, : Velocity pressure, Pa

APppp) : Pressure difference using D and D/2 tapping meas-
urements, Pa

APy : Pressure difference across orifice determined using
a flowmeter, Pa

AP : Static pressure difference across the test plate, Pa

Psd : Static pressure downstream, Pa

DPsu : Static pressure upstream, Pa

O, : Volume flow, m’/s

RE : Relative error value

s : Orifice thickness, m

v : Mean velocity, m/s

é : Pressure loss coefficient

u : Dynamic viscosity, Pass

p : Water density, kg/m’

References

[1] A. B. C. Anderson, A circular-orifice number describing
dependency of primary frequency on differential pressure,
gas density and orifice geometry, Journal of Acoustical So-
ciety of America, 25 (1953) 626-631.

[2] P. Testud, P. Moussou, A. Hirschberg and Y. Auregan,
Noise generated by cavitating single-hole and multi-hole ori-
fices in a water pipe, Journal of Fluids and Structures, 23 (2)
(2007) 163-189.

[3] G. H. Gan and S. B. Riffat, Pressure loss characteristics of
orifice and perforated plates, Experimental Thermal and
Fluid Science, 14 (2) (1997) 160-165.

[4] G. Kojasoy, P. Kwame-Mensah and C. T Chang, Two-phase
pressure drop in multiple thick and thin orifices plates,

Experimental Thermal and Fluid Science, 15 (4) (1997) 347-
358.

[5] M. Fossa and G. Guglielmini, Pressure drop and void frac-
tion profiles during horizontal flow through thin and thick
orifices, Experimental Thermal and Fluid Science, 26 (5)
(2002) 513-523.

[6] A. A. Saadawi, E. Grattan and W. M. Dempster, Two-phase
loss in orifice plates and gate valves in large diameter pipes,
in: G. P. Celata, P. Di Marco, R. K. Shah (Eds.), 2nd Symp.
Two-Phase Flow Modeling and Experimentation. ETS, Pisa,
Italy (1999).

[7]1 D. Chisholm, Two-phase flow in pipelines and heat ex-
changers, Longman Group Ed, London (1983).

[8] International Organization for Standardization, Measurement
of fluid flow by means of pressure differential devices—part
1: orifice plates, nozzles and Venturi tubes inserted in circu-
lar cross-section conduits running full, ISO 5167-1. Interna-
tional Organization for Standardization, Geneva (1991).

[9] International Organization for Standardization, Measurement
of fluid flow by means of pressure differential devices—part
1: orifice plates, nozzles and Venturi tubes inserted in circu-
lar cross-section conduits running full, ISO 5167-1. Interna-
tional Organization for Standardization, Geneva (2003).

[10] International Organization for Standardization, Measure-
ment of fluid flow by means of pressure differential
devices —part 2: orifice plates. International Organization for
Standardization, Geneva (2003).

[11] J. Stolz, A universal equation for the calculation of discharge
coefficients of orifice plates, In Flow Measurement of Fluids
(ed. H.H.Dijstelbergen and E.A.Spencer), North Holland,
Amsterdam (1978) 519-534.

[12] M. J. Reader-Harris, J. A. Sattary and E. P. Spearman, The
orifice plate discharge coefficient equation-further work.
Flow Meas. Instrum., 6 (2) (1995) 101-144.

Zhao Tianyi is a postdoctoral researcher
in HVAC department at Dalian Univer-
sity of Technology, Dalian, China, 2009.
He received his Ph.D degree in School of
Municipal & Environmental Engineering,
Harbin Institute of Technology, Harbin,
China, 2005-2009. His research interests
are optimal control of HVAC equipment
and system, and design and development of novel HVAC
equipment.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [545.000 394.000]
>> setpagedevice


