












































































































































r (!) o--......... 
I °''\, 

t 120 

FT./SECf HORIZONTAL VELOCITY T 105 TRAVERSE AT 

' 5 + 90 REYNOLDS NO. 2.9(10 

. (i)- I "r"itttl 

l 60 

A=5 

I 

I e 
::t: 45 0 

A=3 
e 

I 

-l- :30 

I 15 j 
0 .l .2 .3 .4 .!)- .6 .7 .s .9 1.0 

ld!INi-S-IDe-E--,Gi-----co DIME N s s DI __ o-<:>G> u_T_S(;hl 0 E 

A=IO I 

0 

A=3 

1120 

FT/SEd_ f ios 
I 

t 90 

I 

VERTICAL VELOCITY 

TRAVERSE AT STATION-0 

REYNOLDS 

r-· -7-5-.--o 

I 60 

T 
I 45 

I 
-I 30 

__ Ll;_. 
0 .J .2 .3 .4 .5 .6 .7 .. 8 .9 LQ 
TOP DIMENSIONLESS . DISTANCE BOTTOM 

FIG.NO. 12 

HORIZONTAL & VERTICAL 1ELOCITY DISTRIBUTION AT A= 3,5 & 10 
v - . 



VELOCITY IN FT /S£C AT STATION 6 

TURSINE SPEED 
,, ., 

2 
OUTSIDE I o 

STATION Kll. 
v ' 1 
D J 
0 6 
~ 13 
¢ 9 

TU RBI HE SPEED 21 oa . 
REY. NO. 4 .75X1 0

5 

I ----50 

I .. 

_J_ 
60 

I 

-L 
20 

~EY. N0.2;!1X
0 

5 

0 

FIG.N0.13· · 

HORIZONTAL VELOCITY TRAVERSE 

AT STATION 6 

INSIDE 

VELOCITY IN FT/SEC 

FIG.NO. 14 
HORIZONTAL VELOCITY TRAV RSE 

, AT DIFFERENT STATIONS 

24 
OUiSIDE 

20 
JS DISTANCE ! ~ 2I HCH ES 

4 
INSIDE 

6.3 

0 



T \ 64 
0 

l 
. FT/SEC 

S iATION N 0 J3 

JO 12 16 20 

FT/SEC 
-I 

STATION H 0 9 
40 r 

I 

30 s 12 16 20 

I 
STATION NO 6 

fl/SEC 
40 

I 

30 
I 

4 Cl> 121 16 20 24 
- -...,_. -- -. -·--- ~· --··- ·- -- . · ·~····-·~ 

--+-

4~ 
0 a 

J_ ~Q 
STATION NO J '\ 

FT/SEC 

J JO 4 a 16 20 24 

+ 
REt NO.· 4.75X105 t 

FT /SEC 

+ 
STATION NO l 

30 12 16 20 24 
TOP DISTANCE IN INCHES SJITQM \ 

FIG. NO -~ --15· . . . · - - - - · - - · ...... - . - - -· 

VERTICAL VELOCITY TRAVERSES TAKEN AT A NUMBER OF STATIONS 



FIG.N0.16 
NOMENCLATURE FOR BEND 

--~~--~~~--~-----1>1.-~-------- G--~~~----~---2.0 

0 

0 
I L 

"'. RE YNOLO S NO. 

1.5 2.gx1a 
c.n 
UJ 
::c 
(....) 

:z - U) 
l.U 
::c 
(....) 

1.0 :z: 
~ 

.z 

l.U 
L..) 

z 
~ 
en 

0.5 Q 

10 20 
WE L OCIT Y FT /SEC 

VE.LO CI TY IN FT/SEC 
10 15 20 2 5 

FIG.NO. 17 

BOUNDARY LAYER PROFILE ON INSIDE WALL ~T STATION NO.l 

Re == 2. 9 x 10 5 . · 

0.5 

OJ, 

OJ 

0.2 

OJ 

30 





.. ... 

.1 

-2.0 

0 

~ 

A 

. ) 

REYNOLDS NO. U FT/~C ~ INCHES 
4.751'105 

4.11<. 1~ 
2.91.1~ 

4U 

.3 &.o 
25.8 

1.5 

2.0 
2.~ 

u 1 y 
Log O : n Log S 

, Lo gtr) 

67 

C> 

• • 1.75 . -1.S -1.25 -1.0 - 0.75 -0.5 

FIG.N0.20 

BOUNDARY LAYER VELOCITY PROFILE (LOG PLOT) AT STATION NO.l 

ON INSIDE WALL 



68 

2.J 1.0 

1.5 

1 

=: .75 

--' _. 
~ 

V\ 

POI NTS_N_EAR U..I THE WALL 
L.J..J 

to ::c == .50 
c..::> 
:z NOT SHOWN 

~ - ::::> 
c::> 

2:: 
c:> 
er 
u.. 

0.5 
La.J .25 
(....) 
::;z: 

VELOCITY FT/SEC 
.25 

~ 
<.n 

0 10 20 30 a 
VELOCITY IN FT/SEC 

0 20 25 

FIG.N0.21 

VELOCITY PROFILE AT STATION 6 ON THE OUTSIDE WALL Re=4.75 x 10
5 



69 

2----~--~----ft-~~~~----

1.0 (.I') 
0 

l..t...J 1.5 ':c 
(....) 

z: 

:z -
--' 

0.75 ~ .. c.n 
~ · 

l..U 
::c 
t.:> 

LU 
:z: -c:::I 

t-" 
(.I') 

;;z: -
0.5 ::E: 

c::> 
a: 0.5 LL 

LU 
c:....> 
:z: 
<C ,__ 
(.I') 

0.25 ~ 
50 55 FT/SEC 60 b5 0 

IN FT/SEC 

40 50 . 55 60 65 

FIG.N0.22 

VELOCITY PROFILE AT STATION 6 ON THE INSIDE WALL Re=4.75 x 105 



08 
70 

FIG.N0.23 

TOTAL .PRESSURE IN INCHES OF WATER (BELOW ATM. PRESSURE) 

AT STATION r · 

.02 I I . 

-A 

iCENTER · INSIDE DISTANCE IN INCHES 
0 3 6 12 

. "' 

FIG.N0.24 

TOTAL PRESSURE IN INCHES OF WATER {BELOW ATM.PRESSURE 

AT STATION 6 

tl 

D fl 

02 INSIDE 16 20 OUTSIDE 24 

INCHES 



UJ 
a:: 
~ 
(./") 

0.5 ~ 

0.4 

0.2 

0.1 

c:x: 
0.. 

INSIDE WALL 
0 4 8 

DISTANCE IN iHCHES 

CE MTER 

I 12 

FIG.N0.25 

16 

REYNOLDS NO. 
4. 7 5.x 105 
4.1 .,. 1a5 

2.s x 1 a 

71 

FIG.NO. 25 

OUiSIOE 

20 24 

THE CALCULATED STATIC PRESSURES IN INCHES OF WATER(BELOW 

ATM.PRESSURE) AT STATION 6 



10 
72 

POiNTS NEAR WALL NOT SOOWH REYNOLDS NO 

STATION 0 Q 4.75X105 -----
Ii> 4.1 x 

5 fl> I). 

I 
IA 2.QX 

\ ~, B. -f . 

• GI 'e- - - -
'---·-· -· -- ----

G ~ Ci> 
~ 

0 2 4 8 10 
B QT TOM 

'~ 'f\\ JO ,· ,, 
\ 

·~ 
~ 

-NEAR THE" WALL STATION 0 REYHOLOS NO s 
Q 4.751-10 ----
1&) 4.1 'X - - - -

& 2-9~ 

20 \ ,, P 0 SI TIO H 0 F MA XI MA i S N 0 T 

' '\,ra' 

"'' 
ACCURATELY- KNOWN 

10 .... ' ~' ..... '."-
............: ..._ 

.. ~ -l!l " -e---- """' ----=--=- - - - --fl . -----0.4 O BOTTOM 0.2 IN CHES - - "lr0.5 0.3 

FIG.N0.26 

PERCENTAGE VALUES OF THE TURBULENCE LEVEL IN THE 

FREE STREAM AND NEAR THE WALL . 



73 

~Jo + + t- TURBI~E REYNOLDS NO. 
C> 475x1{ ZJOQSPEED 
El 4.1 x 105 1775 
A 2.9 x 10, 1250 .25 

-t- I + l69)( 10~ + 700 - v 

HORIZONTAL TRAVERSE 

---~-- VER1Ir.Al .TRAVEA SE 
+ _J_ + + 

0:: 
l....t.J ..... 
~ 
u_ 
C) 

,CJ') + • -+- + + l....t.J 
::x::: ..... _ <-> - - - e- -
:5 -~"' .I 

" z: - - -- - .... 
/ - II G""-.,,. 

' ,,,. ... ...... ~ / ... 0 ' ' a:-- ',+ 'e + ... <l Q 
' G ' ' ' ' ' 

+ 
~ 'O 9 

... - -· - ---- ., _... 
I 

4 8 
J12 

16 

IN TH CHES DISTANCE 
> 

•· 

- .05 + + t + 

I 
lHSlOE CE ~TER OU TSJDE 

TOP I BOTT01i4 

FIG.NO. 27 

LOSS IN TOTAL PRESSURE IN INCHES OF WATER 



.a 

.7 

.6 

.5 

.4 

. . 3 

.2 

\ 

\ 

\ 

" 

\ 

' 

\ 

' 

\ 
\ 

' 

\ 
\ 

' ... 

' ' ' 

74 

- - - - ) TAKEN FROM NACA ARR L4F26 

\ 

\ 

\ 

\ 

.... ... 
' .... ..... 

' ' ' ..... ..... 

2 

ITO'S EXPERIMENTAL CURVE TAKEN FROM REF.10 
EXPERIMENTAL POINTS (R/d • 1.0) 

' 

-
..... 

' ' .... 
' 

-
..... -

...... ..... ..... -

- -,.-
- - -

R/d = 0.75 , . .,,,,, 
.,,,,, . -' - - -

1.5 ·-- - ... ----
2.5 -- -.... - __. ........... 

REYNOLDS NUMBER 

3 4 

FIG.N0.28{a) 

5 
5 

6XIO 

TOTAL PRESSURE LOSS ACROSS ELBOW WHEN IT IS DISCHARGING 

.TO PLENUM CHAMBEi ~HROUGH 4D LONG DUCT 
FOR A·· l.O · 



.7 

.6 

.5 

.3 

. 2 

.1 

- - - - ) TAKEN FROM NACA ARR L4F2·6 

G EXPERIMENTAL POIN~S (R/d = 1. 0) 

R/d=0.75 
- - -

'0 

1.0 
•. 

... 
·~ ..... -... -

-- -- - - 1.5 - - .... _ - -- - ,.. .-, ... ........ - .... -... __ ........ . 
- - 25 -- - - - - - - - - - - -----

REYNOLDS NUMBER 
2 3 4 

FIG.N0.28(b) 

TOTAL PRESSURE LOSS ACROSS ELBOW WHEN IT IS DISCHARGING 
TO PLENUM .CHAMBER THROUGH 4D LONG DUCT FOR A•J 

6XI S 

75 



18 - - - - ) TAKEN FROM NACA ARR L4F26 

,,7 

.6 

,5 

G> EXPERIMENT AL POINTS (R/ d = 1. O) 

/ 
J2 . I 
0 tT I 

Q..+- I 

<J I 

/ 
/ 

/ 

/ 

/ 

R/d=. 75,, "" 

/ 

/ 

/ 

.. 3 I 

···-: 

. I ·-. 
1.5 - - -..:.-------

- - -
2 

- -
3 5 

REYNOLDS NUMBER 
FIG.N0.28(c) 

- ~ -· 

--

TOTAL PRESSURE LOSS ACROSS ELBOW WHEN IT IS DISCHARGING TO 

PLENUM CHAMBER THROUGH 4 D LONG DUCT FOR A• S 
• 

76 



.1 

.6 

I 
.5 I 

I 

I 

I 
' .4 

I 

I 
I 

I 
I 

I 

I 

I 

I 

I 

77 
I 

I 

I =-=-:.)TAKEN FROM ARR L4F26 
I 0 EXPERIMENTAL POiliS (R/d = 1.0) 

I 

I R/d=,75 

.3 I 

.2 

.I 

I 
I 

I 
I G . 

- --- - --
2 

1.5 _,,,., _,, 

- - - -2~ - - ---
3 4 5 

REYNOLDS NUMBER 
FIG.N0.28(d) 

_. --
5 

6Xl0 

TOTAL PRESSURE LOSS -ACROSS ELBOW WHEN IT IS DISCHARGING TO 
. PLENUM CHAMBER THROUGH 4 D LONG DUCT FOR A•lO 



78. 

2oor----------------------------------------------------. 
~flotal 

q 

tao 

160 

140 

80 

60 

40 

\ 9 

" --- ..... ,,' .... _,.,. .... 

.LOSS IN TOTAL PRESSURE(% OF q) 

ACROSS ELBOW 

ELBOW PLENUM 

DIRECTLY 

til 

0 

L 0 SS IN STA TIC PR ES SU RE (e;. OF q) 

A CR OS s E.Leo·w 

• 

ELBOW DISCHARGING TO PLENUM REYNOLDS NO 

1.69 )( 105 

2.9 • 
CHAMBER OIRE'CT LY 

4.1 • 
4.75 • 

g-----------------~Q 
..... ...... ... 

• LORING WIRT 
MADISON6 PARKER 

-- TWO SOLl.D LINES REPRESENT A BAND IN WHiCH MOST : 
.EXP. POINTS LIE 

ASPECT RATIO > 
20 ~o __ _._ __ __..~2---'-==3;._._._4:-----1.~5--~s;__._i.,:7 __ -1..~s---'-='9---1.to 

FIG.N0.29 

EXPERIMENTAL RESULTS OF THE LOSS IN TOTAL & STATIC PRESSURE 

WHEN THE ELBOW IS DISCHARGING DIRECTLY TO PLENUM CHAMBER 



APPENDIX NO. 1 

Design of Contraction Cones 

The contraction cones were designed on the basis of the wall 

profile given by Smith & Wang {23). They made use of exact analogy 

between the magnetic field that is created by two co-axial and parallel 

coils {Helmholtz) carrying electric current and the velocity field that 

is created by two ring vorticies. A family of these curves were devel-

oped and theoretical precision of uniformity of throat speed was also 

given • . The design given was for three dimensional axi-symmetric nozzle. 

In the present work, four contraction cones were made corresponding to 

each set of experiments. Outlet section of these cones were {a) 24" x 24" 

(b) 24" x 8tt (c) 24'' x 4.8" (d) 24" x 2.4". Since the cross-section for 

the experiment at hand was rectangular, the profile of two sides of the 

cone (containing 24") were designed as given by Smith & Wang. Profile of 

other two sides were reduced as shown in following paragraph. Co-

ordinates are also given. These contraction cones were made from 1/8 

inch ply-wood sheet stiffened from outside to maintain the proper 

2 

Lt~ 
OUTLET SECTION 

AiR OUTLET Y z 

Aspect ratio A= w/d 

d=· w/A 
w= 24" for all the four contraction cones 
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The design of contraction cone is divided into two parts. 

First the profile of the wall no. (1) & (3) will be given. Then the 

profile of walls (2) & (4) can be obtained from interpolation. 

(a) Profile of faces (1) & (3): This is again divided into two parts. 

(a.l) For A= 3, 5, & 10: Curve J has been chosen from reference given 

previously. Uniformity of speed at outlet = o.6%. Overall dimensions 

and coordinates are given below. 

Y2 I Y1 = 71.48/ 24 

= 2.97 

z in inches y in Inches 

0 12.0 

2.61 12.0 

5.22 12.0 

7.82 12.0 

10.45 12.026 

13.05 12.105 

15.65 12.574 
18.oo 13.150 

20.90 13.950 



Z in Inches Y in Inches 

23 • .50 14.890 
26.10 16.150 
28.70 17.634 
31.25 19.382 
34.oo 21.313 
36.50 231,660 
39.10 26.133 
41.70 29.086 
44.4o 32.27 
47.00 35.74 

(a.2) For A=l: Curve }., was chosen. Uniformity of speed=l% 

Note: 

y2 = 45.0 in. 

_y
1 

= 24.o in. 

Coordinates are as follows:-

Z in Inches 2Y in Inches 

0 24.,ooo 
2.4 24.ooo 
4.8 24.ooo 

7.2 24.ooo 
9.6 24.288 

12.0 25.056 
14.4 26.256 
16.8 27.888 
19.2 30.048 
21.6 32.688 
24.o 36.00 
26.4 39.84 
28.8 43.2;6 
29.7 45.000 

Profile given by t is slightly modified here. 
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(b) Profile of Faces (2) & (4): This is again divided into two parts. 

(b.l) For A= 3, 5 & 10 

-< 
, __.J \ 

z - _-i.. -
dx2 97 

J 
~I . 

z2 =Curved length of profile for faces. ! & 3 

= Length ABC marked in part (a) 

Y' = Y/A •••• (Y is to be obtained from part (a)) 

(b.2) for A=l 

Profile given in part (a) is to be used because all the four 

faces are similar. 

INLET AREA = 2.97 x 2.97 
OUTLET AREA 

= 8.8 

IN~"T AREA = 1.87 x 1.87 
OUTLET AREA 

= 3.5 

) 

) ••• For A= 3, 5, 10 
) 

) 
) ••• For A= 1 
) 
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APPENDIX NO. 2 

Turbulence Level 

Q 
The level of turbulence is defined as ~· • u 

If ,/ e• 2 is rms voltage corresponding to J? and d E/d u 

is slope of d.c. voltage with respect to mean velocity u (calibration 

curve slope) then, 

% turbulence v x 100 • • • • • • • • • • • • (1) = (d E/d u) x u 

King's Law states: 

= 
o( + ~ J~· ............ (2) 

Where 

E = bridge voltage 

R = probe operating resistance 

-u • mean flow velocity 

o( & ~ are two constants. 

Equation no. (2) can be written as: 

~ = 4 + ~ ft . . . . . . . . . . . . . (3) 

Where E = bridge voltage at zero velocity. 
0 

From equation (2) taking the derivative one writes;-

and • •• 

2 E 
R 

-u 

d E 
du 

d E 
d u 

But from equation 

~ ;;- R 

= 

(3) 

(3 R fi 
4 E 

= if- .. E2 
0 

83 



Thus, 

d E -u ff - E~ •••••••••••• (4) 
d ii 4 E 

Substituting equation (4) in equation (1) we get, 

% turbulence = 100 x J e'- x _4_E __ _ 
E2 - E2 

0 

= 100 x Erms x 4 E -----
E2 - ~ 

0 



APPENDIX NO. 3 

Sample Calculations 

The calculations for the loss in total and static pressures 

have been shown for the two cases. 

Case 1: El.bow discharging to the plenum chamber through a straight 

duct of 4 hydraulic diameters. 

Working fluid is air 

Cross section of the duct = 24tt x 8" 

Hydraulic diameter = 1 ft. 

Aspect ratio A = 3 

Radius ratio R/d = 1 

Speed of turbine = 1550 rpm 

Centre line velocity at 
Station 0 = 71.5 ft./sec. 

At station 0 ~* (outside wall) = .09 in. 

At station 0 &• (top wall) = .07 in. 

It is assumed that velocity profile is symm-e,tri'ca.1 .an~d 1 hence 

on other two wall displacement thickness is the same as given above. 

Effective area 

Geometric area 

v av. 

= (24- 2 x .07)(8- 2 x .09) in2 

= 23.858 x 7.82 in2 

= 1.29 sq. ft. 

= (24 x 8)/144 sq. ft. 

= i.33 ti " 

- (1.29 x 71.5)/1.33 ft./sec. 

= 69.65 ft./sec. 
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= ~ p v2 av. lbf/ft~ 

= l'(.0735/32.2) x (69.65)2 fl 

= 5.536 

= l.0.58 in. of water 

Reynolds number • ( f V D)/f av. 

f • at 80 degree F = .0185 cp. 
-5 = 1.245 x 10 lbf /ft.sec. 

Pl? = 5.91 x io3 sec./ft2 

Reynolds number • 4.1 x 105 

From the measurements of the loss in total pressure between 

Station 1 & 13 (Horizontal and Vertical) mean effective loss is obtained 

by integration of graphs similar to Figure No. 27. This is given below:-

Horizontal mean effective loss in total pressure = .435 in. H
2
o 

Vertical mean effective loss in total pressure = .33 in. B2o 

Average loss in total pressure ) 
) 

between Station 1 & 13 in inches) 
) 

of water ) 

.435 + .33 

2 

= .382 in. of water 

From Appendix No. 4 loss in straight pipe of length 4 + 2" 

diameter length at above Reynolds number is equal to .1015 inches of 

water. 

• 

Hence loss across elbow onl7 • .382 - .101 in. of water 

.281 

Total pressure loss Coefficient K = .281/1.058 

= .265 

The physical properties of air were taken from "Handbook of Fluici 
Dynamics•• by V. L. Streeter, McGraw Hill Book Company, Inc., 1961. 



Case 2: Elbow discharging to the plenum chamber directly. 

From measurements: 

Average box static pressure 

Average static pressure at 

station 1 

Average total pressure at 

station 1 

Hence, ~ Pstatic /l 

• 2.115 in. of water 

= 1.325 in. of water 

= .086 in. of water 

= (2.115 - 1.325)/1.058 

= • 746 

= (2.115-· .086)/1.058 

• 1.92 
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APPENDIX NO. 4 

Friction Factor for the Duct 

The friction factor has been determined across a straight 

duct of 8 feet in length. Table No. 1 gives the measured values of 

the loss in total pressure and calculated f for the duct cross section 

of 8° x 24" corresponding to aspect ratio of 3. With the values of f 

and Reynolds number from the Table 1, one can obtain values of the 

ratio E. /D using a Moody diagram. The values of E /D was found to 

lie between .00005 to .0001. Hence E. lies between .00005 to .0001 

feet. This value of E corresponds to a duct which is very nearly 

smooth. 

A further check was made for a duct of cross section 24'' x 2. 4" 

with aspect ratio of 10 and duct length of 8 feet. For this configura­

tion the hydraulic diameter was .363 feet and the L/D equal to 22. 

Measured values of loss in total pressure and calculated f are given 

in Table No. 2. 

If one assumes a value of E as found from the measurements in 

Table 1 (for duct cross section 24" x 81
•) then the loss in total pressure 

for 24n x 2.4'' duct can be calculated from a Moody diagram and these 

values can be compared with the experimental values given in Table No. 2. 

For example with an aspect ratio of 10 the limits of f: /D were found 

to be .000276 to .0001375. 

Table No. 3 gives the value of f calculated from Moody diagram. 

The values of the friction factor in Table 3 agree with the values in 

Table No. 2 within 8%. This is the maximum possible error. 



TABLE I .. .. 
DUCT CROSS SECTION 8 X24 

HYDRAULIC DIAMETER I FT. 

llPtotal BETWEEN 
REYNOLDS NUMBER . STATION 0 a I 

1.75 x 10
5 

.025 IN. OF WATER 

5 . .. 

2.aox10 p6,3 II .. 
; 

5 
.125 •• N 4.IOXIO 

5 
4a75XIQ ~160 u .. 

TABJ,.E 2.," 
DUCT CROSS SECTION 2.4>< 24 

HYDRAULIC DIAMETER . e3 63 FTo 

LlPtotal BETWEEN 
REYNOLDS NUMBER 

STATION oa I 
5 

L69XIO . 0.52 IN .. OF WATER 
}. 

5 > .. 
2.90XIO·. 1.58 II 

. ' 

"' 
TABLE 3 

f =(bPt/q) 
(LID) 

.0161 

.,0161 

.0148 

.0142 

f = (~Pt/q) 
. (LID) 

80176 

1>0175 

REYNOLDS NUMBER 
f CALCULATED FROM :MOOD'f . DIAGRAM 

t.,1 o· . 0002 76 EID • .0001375 

5 
: .0180 l.69X 10 •' : .0170 

2.9 X.105 ;; · 

.0172 .0160 '· 

...... 
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APPENDIX 5 

L.OSS IN TOTAL PRESSURE ACROSS ELBOW 

THE LDSS COE:FFICIENT IS GIVEN BELOW WHEN ELBOW 

IS DISCHARGING TO Tt-E BOX THROUGH 4 D LONG DUCT 

REYNOLDS CENTERLINE 

A VELOCITY 
NUMBER AT STATION 

Nn- 0 

IS9Xlcf 
I 

14.75FPS 

2.9 25.0 
-- I 

4.1 35.5 

4.75 42.4 

1.76 30.5 

~ 

2.82 
, 

'48.5 
3 

. 4.1 71.5 

4.75 82.5 

1.69 42.5 

.... z.9 73.4 
5 .,,, 

4.1 103.6 
. 

4.75 '." 122.5 

1.69 11 .a 

2.9 ' 134.5 . 
10 . . NO I 

It 

q IN INCH 

. OF .WATER 

.. 
,F 

.044 

.1318 

.262 

.369 

.1948 

.498 

1.058 

1.416 

.394 

1.21 

2.35 

3.3 

1.34 

4.05 

DATA 

• 

Aptotal IN. l< •4Pt2tcl 
OF WATER q 

~0163 .37 -

.0482 .365 

.076 . . 293 

.096 . . 268 

.054 .273 

.152 .305 

~28 .265 

.40 .282 

.10 .25 

.21 .173 

.4 4 .19 

.66 .20 

.33 .25 

.91 224 

'· 
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APPENDIX NO. 6 

Solution of Laplacian Equation 

If the flow in the bend is assumed to be incompressible, two 

dimensional and potential then, the Laplacian equation, 

is obeyed b~ the stream function. The above equation was solved by 

two methods • (a) Electric Analog Method and (b) Relaxation Method. 

(a) Electric Analog Method 

For a given configuration the electric potential can be regarded 

as the analog of stream function because it also obeys the same equation. 

In other words, constant voltage lines in an electric field correspond 

to constant stream lines in inviscid, incompressible and potential flow 

field provided that the boundary conditions are similar. 

An analog field plotter was utilised to determine stream lines 

in the flow around the bend. The experimental arrangement is shown in 

the Figure 6.a (Appendix) with proper boundary conditions. As shown in 

the figure two inlet conditions were investigated. In the first case a 

uniform velocity was imposed at the inlet of the bend whereas in the 

second case a straight duct of length one equivalent diameter preceded 

and followed the bend with a uniform velocity simulated at the inlet 

and exit of these straight sections. With the help of a Wheatstone ' 

bridge employing a null indicator, constant potential lines were ob-

tained which corresponded to the stream lines. 



If 0 and 100% voltage is applied to the inner and outer walls 

of the bend and no potential is applied across the inlet and outlet, 

then the system will be analogous to the potential flow between con­

centric cylinders. The analytic solution for the stream function is 

known for this case and it can be represented by Y = constant JI)\ Y • 

Hence at the inlet and outlet Y will not be linear and this of course 

is a required boundary condition in our case. This simple example shows 

the necessity of imposing a linear 1f' at the .inlet and outlet of the 

bend to simulate uniform free stream velocity. 

(b) Relaxation Method 

Laplacian equation given in the previous section was solved 

with proper boundary conditions on IBM 7040 computer. 

For the first case when a uniform velocity was imposed at the 

inlet and outlet of the bend, a rectangular grid of 29 x 29 was taken. 

The position of the bend in this grid is shown in top of Figure 6.b 

(Appendix). The intersection of the boundary with the grid is denoted 

by EP & ET as shown in the figure. At each point in the grid, values 

of EP & ET were supplied which defined the boundary lines. For all the 

points which are inside the bend ET & EP = 1.0 and for the points lying 

outside the bend EP & ET = o. On the boundary of the bend values of 

ET & EP lie between 0 and l.O. Assumed values of Y were supplied at 

all interior points. This enabled one to reduce the computer time. 

Relaxation in the area outside the bend and on the boundaries was 

stopped by logic statements. 

For the second case when a uniform velocity was imposed at the 

92 



93 

inlet and outlet of the straight duct, a rectangular grid of 43 x 43 

was employed. The position of the bend in the grid is shown in bottom 

of Figure 6.b (Appendix). The method of the solution was exactly the 

same as in the first case. 

Accuracy of the solution can be increased by taking more points 

in the grid. But this required a compromise between the gain in 

accuracy and the computer time. Although no attempt was made to take 

a finer mesh and compare the two accuracies, it is felt that the 

present size of the grid gave good enough results from an engineering 

point of view. 

Once the values of 1(" were obtained at each point in the grid, 

the lines of constant 1jt were drawn by linear interpolation. The next 

step was to obtain the pressure distribution from the stream lines. 
~ 

From the continuity equation, 

Here it is assumed that the velocity does not vary across a 

section in the stream tube and the flow is incompressible. 

From Bernoulli's equation 



= [ ~~ r 1 
6. p 

and therefore using the continuity equation 

~ p 

q = 

Pressure distribution along the walls of the bend was obtained 

by using the above equation. 
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