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              The purpose of the present experimental investigation is to reveal

           the performance of a 180° bend flow meter. Results of this study

           suggest that the most suitable measuring section of the differential

           pressure head between inSide and outside walls of a bend would be

           such position as the bent-angleθ=45° to 67.5°.

              From these resultS, we might tentatively conclude that if dis-

           charge coefficients Cd of these sections are placed at Cd=1.0, the

           rate of flux in a paSsage can be measured with accuracy to within

           about 3 percent error.

   1. Introduction

   An exact measurement of the rate of discharge in a pipelirle is an irnportant

subject in industries;therefore, various types of floW meters have been elnployed

according the specific functions needed. Widely used measuring methods are the

head type flow meters, which utilize the differential pressure head generated be‐

tween two sections of upstream and downstream positions in a pipeline.

   The present bend flow meter also belongs to one of the head type meters, i.e.,

this device utilizes the difference of pressure which arises between inside and out-

side walls of a curved passage by the action of centrifugal force.

   Since the ear1iest experimental data of bend flow meters were reported in the

literature by Jacobs and Sooy1), many researchers have been studying them for a

long time both experimentally and theoretically. The prominent papers are as fol-

10ws:　 (a)that of Lansford2),Addison3),Ito4) and authors5～7) for the 90° bend flow

meters,(b)that of Cortelyou8), Tsuji9)　 and Ito10) for the 360° bend flow meters.

HoWever, besides Teshima11) and Maeda12), very few have studied the 180° bend flow

meter, so far as the author is aware, and there still remains various unexplored

domains.

   This investigation, therefore, aims at obtaining more fundamental knowledge of

180°　bend flow meters and to confirm the relationship between the discharge coeffi-

cients and various influential factors. First we provided three kinds of 180° bends

with square sectional flow area and with radius ratios of bend were 4.00,6.00 and

8.00,and tests were carried out under the range of Reynolds numbers Re of 1O4≦Re

≦9×1O4. The present paper is concerned with the experimental results.
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2．Nomenc1ature
  α：ha1f wid－th of square sectiona1bend

C〃：discharge coefficient，［Eqs （1），（2）コ

C6：discharge coefficient，［Eq．（3）コ

CD：discharge coefficient，［Eq．（4）コ

αD：discharge coefficient，［Eqs （7），（7！）コ

Cヵ：pressure coefficient，［Eq．（8）コ

D：inner－perimeter of square sectiona1bend（＝2α）

D、：inner－Perimeter of square sectiona1tangent

 H：Pressure head on wa11

  ん：differentia1pressure head

 L：axia1center1ine1ength of passage

  m：radius ratio of bend （＝R／α）

 Q：vo1umetric discharge

 R：radius of curvature of bent－center1ine

R、：Reyno1ds number（＝γmD／v，γ：kinematic viscosity）

R、、：critica1Reyno1ds nu平n－ber

  ∫：cross－sectiona1f1ow area of bend

γm：mean axia1ve1ocity of f1ow

  θ：bent－ang1e from in1et of bend

  ζ：friction factor of bend，［Eq．（9）コ

  入：friction factor of straight passage

   3．Definition of d－ischa．rge coefficients

   The definition of the discharge coefficie早ts of bend f1ow meters have been for－

mu1ated in three ways as fo11ows：

1） discharge coefficient C〃，under a free－vortex f1ow theory2・3），

for a circu1ar pipe，

       C〃＝Q〉万／｛〉2％・∫・（m2－1）（m一〉mL1）｝        （1）

for a square duct，

       Cd∫＝4Q〉万／［〉2g尻・∫・（m里一1）・1n｛（m＋1）／（m－1）｝コ               （2）

2） discharge coefficient Cδ，under a forced－vortex f1ow theory2），

       Cグ2Q／（〉2％・∫・〉万）              （3）

3）discharge coefficient C刀，simi1ar to a head type meter as an orifice，

       CD＝Q／（〉29ゐ・∫）                                 （4）

where Q is the vo1umetric discharge，尻the differentia1pressure head measured

between inside and outside bend－wa11s，S the f1ow area of a bend，m the radius ratio

of a bend（＝R／α）and g the acce1eration of gravity．

   From these equations，each discharge coefficient is re1ated as fo11ows：

for a circu1ar pipe，

       CD＝C4〉7／2＝C〃（m2－1）（m一へ／m・一1）／〉万                 （5）

for a square duct，

                                    （2）          Memoirs of Chubu
                                                         Institute of Techno1ogy
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       CD二C6〉万／2＝C〃（m鉋一1）・1n｛（m＋1）／（m－1）｝／（4〉7）．           （6）

   0n the other hand，Lansford2）introduced the fo11owing equation in his paper，

      C！D〉2D＝〉互                                    （7）

whereαD is the discharge coefficient，R the radius of curvature of a bend and D

the imer diameter of a bend（＝2α）．Transforming the above equation we get

      C㌦＝〉R／（2D）＝〉R／（4α） （＝〉7／2）                     （7！）

   Hence，it can be seen that whenα＝1．0the Lansford’s discharge coefficientαD

must be equa1to CD．

   4．Experiment

   4．1 Experimenta1apParatus

   The arrangement of experimenta1appara－

tus used for this study is i11ustrated in Fig．1．

Water pumped up from the reservoir by a

pump①f1ows continuous1y through an over－

f1owtank②inwhichthewater1eve1ishe1d
constant by an overf1ow pipe．It then f1ows

through a discharge contro1va1ve③，a recti－

fying tank④，an upstream tangent⑤，a bend

⑥and a downstream tangent⑦into a meter－

ing tank⑧，and then，after weighing，it is

retumed to the reservoir．The water

thermometer⑨during each test．

   The axia11ength of the upstream and

downstream tangents，⑤and⑦，were made

about61and77times as1ong as their imer－

perimeters D，respective1y in order to obtain

a fu11y deve1oped f1ow and to avoid the effects

of bend．Additiona11y four piezometers（1．2

mm bore）were fitted equa11y on the per－

imeter of both measuring sections A and B，

whose positions were p1aced about47and61

tiエnes D．from the in1et and out1et of the

bend respective1y，so that each mean wa11－

pressure head was measured．A viny1ch1oride

tubing pipe having65．0mm imer diameter
was attached to the outIet of the downstream

tangent⑦．

   4．2 Bend－

   Square cross－sectiona1 1800 test bends

were constructed－from an acry1ic resins board

and their shape and geometric parameters

                                   （3）
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are shown in Fig．2．As indicated in this figure，three different bend radius ratios

R／αwere used－4．00，6．00and8．00，and piezometers（O．8mm bore）were fitted on

the inside and outside wa11s of each measuring section as shown with the1etters ao

through io．

   4．3 皿easuring Procedure

   Wa11－pressure heads∬were measured with the above mentioned piezometers to

an a㏄uracy of the order ofユ／100mm．The rates of d－ischarge Q were measured by

the weighing method within one percent error，and the Reyno1ds numbers兄in a11

experimenta1runs were in the range of104≦凡≦9×104。

   5．Experimenta1resu1ts and consid－eration

   5．1 Discharge coefficient

   5．1．1 Discha．rge coefficient vs．Reyno1ds number

   In this paper，the discharge coefficients C6and CD defined by Eqs．（3）and一（4）

are main1y used．

   Figure3shows the resu1ts about the discharge coefficients C♂of the test bend

                                      f1ow meters against the Reyno1ds numbers
   l l

                                      R召for seven bent－ang1es θ’and the three

                                      radius ratios of bend R／α．
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               亙ig．3Discharge coefficients Cd vs．Reyno1ds numbers凡

   From this figure，it can be seen that a11of the discharge coefficients Cd increase

with increasing Reyno1ds numbers R直，and that they tend to converge to each con－

stant va1ue from the marked Reyno1d－s number with an“×”on each curve．Hence，

these marked－Reyno1ds numbers are taken as the critica1Reyno1d－s numbers R、・，and

each numerica1va1ue a1ong with curves is the average of a11va1ues of Cδfor R色

                                    （4）          Memoirs of Chubu
                                                         Institute of Techno1ogy
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above each五色。．                       Tab1e1 Va1ues of CゐC刀，∠CD／C’D and

                                                  R色。 against R／αandθ
   Examining this figure，there are some

diff・・・・…inth・・ff・・t・・fb・・t一・・g1・・θ  、。。。竈耕鵜織欄1叢1篇

・・dth…di・…ti・・R／α・・th・di・・h・・g・ 、c臭、、、蝋121㈹113111億1二111欄
                                             R㏄。1O’4，25 5．80 んOO13，90 4．O0 4，10 4．40

coefficientsCゐbutbothC・cu「vesofθ二45。 @・川…1：llll＝釧二1：：：＝ll：1二11：1二：：l
and67．5o sections seem to approach a sing1e   κ口／c；（。〕一“g－2．61－1－47≡2－042．77－2．53－o．24

                                             Roo■16’  ん35 －4・50  3・901 4・50  4・15  4・25  4・15

CurVe．                                     cd o，961α9720・9900・9760・9920・9861・o07
                                              Co   1．359 1・374 1・400 1・380 1．403 1・394 1－424

   For further ana1ysis，we summarize above   』c口／c；似〕一3．89－2．83－o－99－2．40－o．78－1，410－71
                                             R帥麩1δ‘4，50 4，75 4，15 3，95 3，90 4，40 4．lO

mentioned va1ues of Cd，五、。in Tab1e l to一    ・c口・cロー。言

gether with that of CD，αD and each percent－

age d－ecrease∠CD／αD，where∠CD＝CD＿C㌦．These va1ues

are a1so p1otted in Fig．4as a function of the bent－ang1es
                                                    8
θand the radius ratios R／α．The two－dot－dash1ines in

this figure indicate the va1ues ofαD defined by Eqs．（7）

and （7！）．

   It can be seen from the figure of CD，κD／αD vs．θ

that a11discharge coefficients CD for22．5o≦θ≦67．5o are

・m・11…h・・α…d・h・・・・・・・・…d・・・・・…κ・／C！・く。

。。。。1m・。t．11withi・一4p・・…t．Th…f・・th・p・・iti… ミ
                                                     一2

0fθ＝45．to67．5。，∠CD／αD are within about－3percent．
                                                     一4

   Thus we may be ab1e to conc1ude that if the dis－

charge coefficients C6at the sections ofθ二45o to67．5o

are taken as Cd＝ユ．0，the rate of d－ischarge in a passage
                                                    ．匝

。an be measured exact1y within about3percent error

above each critica1Reyno1ds number R色。．           3・o

   H．w。。。。，it。。。m．th．tth．mi．im．m・・iti・・1R・y・一Fi・・4Re1ationsbetweenC・・
                                                         ∠CD／C’D，Rec andθ

o1ds numbers o㏄ur in the range ofθ＝67．5．t0112．5。，

but the maximum ones at aboutθ＝45。．As  l．6

seen from these resu1ts，the most suitab1e

set－position of piezometers wou1d be around

θ二67．5．section of bend in terms of a per－

formance of bend－f1ow meter．

   5．1．2 Discharge coefficient vs．ra．di皿s

         ratio of bend－

   Figure5 is a p1ot of the discharge co－

efficients CD obtained from this investigation

and that of other experimenters versus the

parameters〉玉／4αor rad1us rat1os R／α，and

a one－dot－dash1ine given in this figure indi－

cates the Lansford’s equat1onαD＝〉R／4α

   From this figure，these coefficients CD

                                   （5）
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are c1ose to the1ineαD except at two or three points，so it may be considered

effective to some degree for the discharge coefficients CD to be approximated by

the Lansford’s equation．

   5．2 Pressure d－istribution on be皿d一一wa11s

   5．2．1 Definition of pressure coefficient

   The pressure coefficient Cヵis introd－uced－as fo11ows：

       Cカーλム＿（∬r凪），           （8）
           2α   172m／（29）

whereλ’is the friction factor for a straight passage，ムthe axia1center1ine1ength

measuredfromthesectionAoftheupstreamtangent⑤toeachpressuremeasure－
ment section of test bends，払the mean wa11－pressure head of section A，凪the

wa11－pressure head at each pressure measurement section as seen in Fig．2，αthe

ha1f width of square sectiona1bend，γm the mean axia1ve1ocity of f1ow and g the

acce1eration of gravity．

   5．2．2 Bend一一wa11，s press皿re distribution

   The pressure coefficients C力。n bend－wa11s at each of the nine measurement

sections were ca1cu1ated for the two Reyno1ds numbers，R色≒5．0x104and8．0×104，

and the resu1ts are shown in Figs．6（a）and6（b）．
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   0．4                              0．4

   0．2                            0．2

 0                                          0
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  －O．2                                               －O．2

  －O．4                                             －O．4

  ・O．6                                               ’0．6

  －O．8                                    ・0．8

     0      45     90     135     180                         90     135    180

                      θ                           θ

                 （a）                         （b）

                      Fig．6 Pressure distribution of bend－wa11s

   Examining these figures there are no substantia1differences between the profi1es

of Cヵfor the two conditions of1ow and high Reyno1ds numbers．As seen in these

p1ots，the pattems of outside－wa11C在are seem as humped．curves having the maximum

va1ues at the positions ofθ≒67．5。，and moreover they are s1ight1y constricted at the

positionθ≒1350 for児／α二4．00，and atθ≒ユ12．5㍗or五／α＝6．00，8．00．These phenomena

cannot be seen in the1iterature as far as the author is aware；thus，we hope to find．

the causes of them in the future．

   Simi1ar1y for the curves of inside－wa11Cヵ，it can be seen that the va1ues of C力

                                    （6）           Memoirs of Chubu
                                                          Institute of Techno1ogy
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are minimized atθ≒22・5。（for a11R／αas a group），they then increase gradua11y with

increasingθand arrive the maximum atθ≒67．5o for R／α＝4．00and atθ≒90．for

R／α＝6．00，8．0σ．After that they tend．to decrease a1itt1e ti11θ≒ユ57．5．and again

they rise rapid1y．These phenomena a1so cannot be fomd in the1iterature．

   5．3 Friction factor of bend－

   A number of treatisesユ3～ユ5）of the friction factors of bend have been pub1ished

over a1ong period of time and many experimenta1equations have been proposed．In

this paper the friction factor of bendζis d－efined as fo11ows：

          ∬λ一∬B  λ（工批十五d）
       ζ＝     一                            （9）
          γ2m／（29）     j）5

where∬λand∬月are the mean wa11－pressure heads of the sections A and B shown

in Fig．1，γm the mean axia1ve1ocity of f1ow，λthe friction factor for a straight

passage，L the axia11ength measured from the section A to the in1et of bend，工δ

the axia11ength between the out1et of bend and the section B，and D，the inner－

perimeter of a square sectiona1tangent．
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α・＼、＿．ン約、、、、

      1・・1．。。。。。。1・・  α2。。。。。。。、。
                    R．                      R／；o

    Fig．7 Friction factor of bendζvs．        Fig．8 Re1ations betweenζand亙／α

          Reyno1ds numbers見

   The resu1ts of the friction factors of bendζare p1otted against the Reyno1ds

numbers五色in Fig．7for three R／α． The1ines“4，6and8”in this figure indicate

the fo11owing Itδ’s experimenta1equation15）for each bend of五／α＝4．00，6．00，8．00

respective1y，

       ζ＝0．00241αθR色■o・■7（R／α）o・34  ； R目（α／R）2＞91                 （10）

whereα＝1＋116（児／α）一4・52（forθ＝180。）．

   From this figure，it can be seen that a11ζ’s decrease considerab1y with increasing

R、．The d－ecrease is s1ow at Reyno1ds numbers五、≒（4．0，5．0and5．5）×104for R／α＝

8．00，6．00and4．00respective1y，then the curves become approximate1y para11e1to

the above mentioned Itδ’s1ines“8，6and4”．

   Figure8showsthere1ationshipbetweenζandR／αfor児召＝7．O×104．Aone－dot－

dash1ine in the figure indicates Eq．（10）．As is obvious from Figs．7and8，there

are great differences between our experimenta1resu1ts and Itδ’s ca1cu1ated－va1ues，

and a11ζ’s obtained for R色＝7．0×104are Iarger than that of Itδ’s equation （about1O，

                                    （7）
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12and31percent for R／α＝4．00，6．00and8．00respective1y）． The cause of these

deviations is not c1ear，but we can estimte that it depend－s more or1ess on the

second type secondary f1ow■6）appearing in the f1ows through non－circu1ar cross－

sectiona1pipes．

   6． Conc1usion

   The experimenta1investigations on the180．bend f1ow meters，whose dimensions

are R／α＝4．00，6．00，8．00and l04≦見≦9×104，1ead to the fo11owing conc1usions：

1） The discharge coefficients Cd at the measuring sections ofθ＝45o and67．5o can

be seen to approximate a sing1e curve regard1ess of R／αand if a11Cd’s of above

sections are taken as C6＝ユ．0，we can measure the rate of d－ischarge to within about

3percent error．

2）Near1y a11the minimum critica1Reyno1ds numbers兄。of the test bends arise in

the range of67．5。≦θ≦112．5。，but the maximum ones appear atθ≒45o．

3）For the pressure distribution on bend－wa11s，we found such interesting phenomena

that the pattems of C力’s on outside wa11are s1ight1y constricted in the positions of

θ≒112．5o t0135．and that of Cヵ’s on inside wa11form upward convex curves having

the top atθ≒67．5o to90o． These resu1ts cannot be seen in the1iterature as far as

the authr is aware．

4）The friction factors of bendζdiffered from that of Itδ’s Eq．（10）．The cause

may be attributed more or1ess to the second type secondary f1ow．
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