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ÀBSTRACT

À study of the turbulent flow prediction near the walI of

a conical diffuser is presented. The calculation technique

for turbulent boundary layers, developed by Bradshaw et

a1.(1967) is adopted with modifications in the empirical in-
put. À preliminary investigation of the flow field in a de-

veloping pipe flow was carried out to ascertain the accuracy

of the flow prediction using this software. The predicted

mean velocity and shear stress profiles, in the above study,

were in excellent agreement nith the experimental data.

The predicted mean velocity and shear stress distribution
in the diffuser is in fairly good agreement with the experi-

mental data. The universal law of the wall present at the

diffuser inlet vanishes for certain distance and then re-e-

merges. Àccounting for the effect of divergence in the form

of extra strain rate, improves the predicted value in the

initial region only. The main draw back of this technique

is that it fails to predict the fJow beyond one half lhe to-

tal length of the diffuser.
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Chapter I

I NTRODUCTT ON

Turbulent boundary layer flow under arbitrary flow bound-

ary conditions, such as pressure gradient and surface rough-

ness, is one of the most important unsoLved problems of flu-
id mechanics. In turbulent boundary layer study very little
useful theoretical analysis bas been done compared to the

volume of experimental analysis conducted until today. In

spite of the great many experimental and theoretical stud-

ies, the behaviour of turbulent boundary layers in various

flows, the nature of such flows continues to be one of the

major unresolved problems of fluid flow.

The turbulent boundary layer flows can be classified into
two broad categories as with or vrithout pressure gradient.

Of these, very little is known about the exact behaviour of

flows with þressure gradient compared to flows without pres-

sure gradient under various other factors affecting the flow

such as geometry of the flow device, roughness of waIl, vis-
cosity of the fluid etc. Apparently lre are missing a gener-

aI physical model which correctly describes the turbulence

in a boundary layer flow under various flow conditions.

Turbulent boundary layer flows

have offered a tremendous challenge

with

both

pressure gradient

in theory and ex-

1
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periment. Clauser ( 1 954 ) tackled this problem experimentally

and for the first time provided greater insight to the un-

derstanding of turbulent boundary layers in adverse pressure

gradients. The paramount problem in the prediction of tur-

bulent flows is to find an empirical expression for Reynolds

stresses. Earlier hypotheses like the mixing length formula

and the eddy viscosity formula related the Reynolds stresses

to the mean velocity gradient. Based on the work of Town-

send( 1 961 ) , Bradshaw and Ferris proposed a hypothesis to

convert turbulent kinetic energy equation Irnpn] into a

closed equation for shear stress. Thus relating the shear

stress to the turbulent kinetic energy which is governed by

TKEE; a procedure which they argued as rational since it re-

lated two turbulent quantities. Using this concept, Brad-

shaw et a1.(1967 ) developed a calculation procedure to pre-

dict the flow field for a two-dimensional turbulent boundary

Iayer.

Extending this calculation procedure to other turbulent

wa11 bounded flows, provided boundary layer approximations

are valid, helps in understanding the flow in different

situations. Such a study would also demonstrate the univer-

sal behaviour, if it exists, of all waI} bounded flows. In

practice there are several examples of wa11 bounded flows

which are both external and internal in nature. One such

flow of utmost importance belonging to the class of internal

flows, is the diffuser flow.
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Physically, a diffuser converts mean kinetic energy into
positive pressure gradient in the direction of flow. This

increases the intensity of highly energetic turbuLent pro-

cesses near the wa11 resulting in high turbulence intensity

in the flow field far beyond other wall bounded flows. This

high intensity of turbulence makes the diffuser research in-

teresting and challenging, while the effect of adverse pres-

sure gradient on the structure of turbulence is of consider-

able importance from the point of view of calculation.

The main aim of the present study is to predict the flow

near the walI of a conical diffuser using the calculation

technique developed by Bradshaw et al.(1967). In order to

achieve this goal it was first necessary to test the soft-
ware developed by Bradshaw & Unsworth(1974) in a well estab-

lished flow field. This was accomplished by predicting the

flow in a developing pipe flow. The details of the applica-

tion of the theory to a pipe flow and the diffuser flow are

presented in chapter II. Chapter III presents the results

and discussion of the predicted flow field. A comparison

with other walI bounded flows is also presented. Finally'

the conclusions and suggestions for future study are pre-

sented in chapter IV.



Chapter I I

THEORY ÀND ÀPPLI CÀTI ON

2.1 ÀNÀL I CÀL BÀCKGROUND

À fundamental problem of turbulent flow prediction is to

obtain an empirical expression for the Reynolds stresses.

These stresses appear in the time averaged momentum equation

and are a reflection of the nonlinearity of the Navier

Stokes equations. In general the additional force, caused

due to the gradient of Reynolds stress' describes the effect

of the turbulent fluctuations on the mean flow and is simply

interpreted as a conseguence of the mean rates of transport

of momentum by the turbulent movement of the fluid. The two

mos| popular hypotheses for the Reynolds shear stress in

two dimensional incompressible boundary layer flow are the

mixing length formula

r = prz tffr tfft (2.1)

and the eddy viscositY formula
,r=! # (2.2)

The basic assumption made in calculating the development

turbulent boundary layers using these formulae is that

shear stress profiles at a given distance from the origin

the boundary layer is uniguely related to the mean flow con-

ditions at those stations. The other alternative is to ap-

of

the

of

4
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peal to the exact transport equations for the rate of change

of Reynolds stresses along a mean streamline. Since not all

the terms in the above equation can be measured experimen-

tally, such an equation if used will be a very crude approx-

imation. Bradshaw et al.(1967 ) argued that the shear stress

is closely related to the turbulent kineÈic energy and has a

much closer relationship with other parameters describing

the turbulent structure. Based on the work of Town-

send(1961) they proposed a hypothesis that "for any given

shear stress profile r(y) there is one and only one possible

profile for any one of the other turbulenL quantities (such

as õ-, or e)". In particular, they made use of the turbulent

energy equation f or the rate of change nt / 2 along a mean

stream line. For a two dimensional incompressible mean flow

outside the viscous sublayer this equation can be written as

(see Appendix A for details)

|o tuff'* u#',
I

'#*h,ñ*]oqTr
II

+pe

IV
(2.3)0

III

The terms I, II, III and IV in equation (2.3) represent ad-

vection, production, diffusion and dissipation in turbulent

flow respectively. The turbulent energy equation is trans-

formed into a closed eguation for r by defining empirical

functions êr (stress-energy ratio), L (energy-dissipation

length scale) and G (energy-diffusion function) as follows:
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ê¡

L

I
pîT

.3/2(r/pl
E

(2 .4)

V 2
G T

ma

Here â r and G are dimensionLess where as L has the dimension

of tength. L is the most important parameter of the three

because over most of the boundary layer the dissipation is

much larger. â r r L and G depend on the shape of the shear

stress profile at a given point and they are function of

v/6.

With the above definitions for ârr L and G equation (2.3)

can be revrritten in a closed form for r as

+T
p p

uLröx ) * ub(å"T

ñ
.TâU,l-pây

(2. s)

,,ï*, tzzforcir . ry 3/2

Equation (2.5) can be

(assuming âr r L and G

tion

solved for

are known)

AU
ãï + 0

and the boundary layer momentum equation

VPdy
ât

0

thin turbulent shear layers

using the continuity equa-

+

âV
oy (2.6)

,.,â U
dx + I âp I

--++_Þ âx p rr (2.7)



two dimensional incompressible

seen that the three unknowns

steady f Iow.

in the set

7

It is read-

of equations
for

ilv
(2.5), Q.6) and (2,7) are u, v & r'

Theimport,antapproximationsmadeinformingtheabove

equations are

i)theboundarylayerapproximat'ioni.e.,nostatic
pressure difference across the layer' and

ii) ârr L and G change much more slow]y than r and U in

X direction.

À close examination of equations (2.5), (2.6) and (2.7)

indicate that they are hyperbolic in nature. solutions to

the set of hyperbotic equations are obtained by the rnethod

of characteristics. The tangent of the angles r between the

three characteristics and the X-axis (figure 3) being

(v+ctB) (2.8)
tany I U

æ

where cr = arG/,{*,

e2+2a T
p

Once the three characteristic directions are known, the

part,ial differential equations reduce to ordinary differen-

tial equations containing gradients alon9 the characteris*

tics on1y. Sofution of the ordinary differential equations

can be obtained by finite difference methods. À detailed

analysis of the above equations and the method of solution

is given by Bradshaw & unsworth(1974). This method of mod-

g = lt
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elling for Reynolds shear stress can be readily perceived

as a refinement of mixing length theory from equation (2.5).

It is evident that by neglecting advection and diffusion
terms, which is true outside t,he viscous sublayerr €guation
(2.5) reduces (after dividing throughout by ¡/p) to the mix-

ing length formula.

Complicated walI boundary conditions are satisfied inde-
pendently of the main calculation at each X step. In gener-

al, the boundary conditions at the outer edge (u --t Ue I r

the boundary conditions at a solid surface (U = 0, ! = 0 or

Vw, r = "r) is satisfied by matching the solution to the

logarithmic law of the wall at the first mesh point.

2.2 APPLTCÀTION OF THE THEORY TO DEVELOPING BOUNDÀRY LAYER
IN À PIPE

The theory developed in the previous section was used to
predict the flow field in a developing turbulent boundary

layer on the inside of a pipe wilh smooth solid waIl. The

flow is considered as a two dimensional turbulent boundary

layer with zeto pressure gradient. This translates as a

constant free stream velocity throughout the f1ow. Since

the flow is in a developing stage the effect of interaction
of shear layers can be neglected. The co-ordinate system

selected was X-axis al.ong the wall (positive along the down-

stream direction of the flow) and Y-axis being perpendicular
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to the walI. The origin of this co-ordinate system being at

the trip which is situated at the beginning of the pipe.

Experimental data of Kassab(1985) was used as the initial
data input for calculation

The distribution of parameters ârr L and G was assumed to
be the same as in constant pressure two dimensional turbu-
Lent boundary layer l. rhey show adequate representation over

the entire pipe flow region considered for study.

The following tvro cases were considered for complete flow

exami nat i on :

i) using the flow integral parameters such as e, Ct

and Rg the initial velocity profile was generated2

at the starting point with Co1es' law. Making use

of t,his velocity and shear stress profiles flow

field in the downstream direction vras predicted.

introducing experimental velocity and shear stress
profiles along with \ and C, at the initial point,
the velocity and shear stress profiles in the down-

stream direction were predicted.

ii)

r This is demonstrated from
sab(1985).

the results obtained by Kas-

2 Hereafter the
parameters e,
locity profile

generation of
C¡ and Re will
generation.

velocity profile using
be referred as SYNTHETIC

f 1ow
ve-
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2.3 ÀPPLICATION OF THEORY TO ( coN I CÀL ) or rrusnn FLoh¡

It is easier to formulate a general method of predicting

velocity and shear stress profiles in case of turbulent

boundary layer flow or a developing pipe flow. For such

flows accurate results can be established, âs shown in sec-

tion 3.1, by knowing the flow conditions at very few sta-

tions. When we turn our attenlion to the case of a turbu-

lent fl-ow in a conical diffuser the situation is not so

simple. In diffuser flow, where the mean kinetic energy is

converted into a positive pressure gradient in the direction
of fJow I a general method of predicting the flow will be a

very difficult task. Since the main interest in the present

study is the behaviour of t,he flow near the wall on1y, the

existing method developed by Bradshaw et. al. ( 1967 ) is

adopted with some modifications.

Basically, the flow field in a horizontal plane contain-

ing the axis of the diffuser is treated as a two dimensional

turbulent boundary layer with adverse pressure gradient.

The basis for such a treatment was obtained from a critical
examination of the mean velocity profiles measured by Kas-

sab(1985). It is well known that in complex turbulent flows

the interaction of shear layers and extra strain rates play

an important roIe. A realistic picture of flow prediction

in conical diffusers should include the effect of these pa-

rameters on the flow field. Because of the lack of knowl-

edge of exact interaction of various shear layers as the
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flow develops in a conical diffuser, the effect of interac-
tion was neglected in the present studies. Bradshaw & Uns-

worth(1974) procedure a11ows to account for the effect of

extra strain rates on the structure of turbulence. Àlthough

this was developed for external flows, a similar procedure

was adopted in the present study by making use of the dif-
fuser geometry.

À major difference in the present study is the represen-

tation of empirical data for âr and L in a conical diffuser.
In the case of a conical diffuser it is found that the dis-
tribution of â1 and L as given by Bradshaw & Unsworth(1974)

for a constant pressure boundary layer are no longer valid
over the entire flow region. The modifications adopted to

represent the distribution of â1 and L over the entire flow

field is discussed in the following sections. À similar ap-

proach to modify the distribution of energy-diffusion func-

tion (C) over the entire flow region could not be undertaken

due to lack of information available on the behaviour of G.

2.3.1 Stress-Energy Ratio in Di f fuser Flow

Bradshaw & Unsworth ( 1 97 4') chose a constant value of â r

(=0.15) in the entire boundary layer region. Àlthough this
assumption simplifies calculation procedure, it does not

truly represent the behaviour of âr in the diffuser. The

distribution of âr in the diffuser measured by Àrora(1978)

demonstrates that it is a function of both X and Y co-ordi-
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nates. It can be noted that the behaviour of âr at a given

x is essentialJ.y the same in the inner region (V/A = 0.2, of

the boundary layer. In the outer region (V/A >

difference in âr at a given x is more pronounced and they

all fall gradually with X. À plateau of constant ô 1 as seen

in a turbulent boundary layer is not obvious from this
study. A study of turbulent boundary layer with lateral
divergence by smits et ar.(1979) also indicates a variation
of âr as a function of both X and Y. To incorporate the

above changes, âr was first represented as a function of y

on1y. À preliminary run using the above set of values im-

proved the results considerably, specially in the inner re-
gion. $fhen the variation in X was al-so included, the re-
sults obtained did not indicate a significant change.

Since the present study concentrates mainly in the inner

region, a single best fit curve for the data measured by

Àrora(1978) was chosen. Such a representation made the cal--

culation procedure simple and as realislic as possible.

Figure 4 shows the best fit curve used in the present study

al-ong with the constant value used by Bradshaw & Uns-

worth (1974) .

2.3.2 Dissipation Lenqth Scale in Diffuser Flow

Dissipation length scale parameter is the most important

of the three functions âr¡ L and G because over most of the

boundary layer the dissipation is much larger than the ad-
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vection or diffusion. The representation of this function

in the flow region has a significant effect on the flow pa-

rameters such as mean velocity, shear stress etc. For a two

dimensional turbulent boundary layer Bradshaw G, Uns-

worth(1974) chose this parameter as a function of Y only.
This is also true in the case of a fully developed pipe flow

as shown by Lawn(1970) and Liepmann & Laufer(1974). In a

diffuser treating L as a function of Y only does not repre-

sent the flow adequateLy over the entire region. Àzad(1982t

reported the distribution of L in a diffuser measured by

Arora(1978). From their study it is clearly evident that L

is a function of both X and Y co-ordinates. In general

terms it can be said that at any given X, L varies linearJ.y

with y inítiaIly, reaches a peak and then falls to zero on

the axis. The region of linearity increases with increase

in x.

Àfter several preliminary runs, using L as a function of

both X and Y co-ordinates the following procedure was adopt-

ed for calculation. The total length of the diffuser vras

divided into 3 egual regions (of 24 cm each). The variation
of L with Y within each region was assumed to be the same

but different from one region to the other. Such an assump-

tion can also be justified from the behaviour of L as shown

in Àzad(1982;figure 14b). The above procedure subsLantially

simplifies the empirical data input, keeping as much as pos-

sible the characteristic of flow in a diffuser. The varia-
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tion of L in the three different regions used in the present

study is shown in figure 5. It should be noted that the be-

haviour of L may be different depending on the specifica-
tions of the diffuser used. It was not possible to include

this aspect in the present study for the lack of information

available for various other diffusers.

2.3.3 Enerqv-Diffusion Function Ðiffuser Flow1n

The distribution of energy diffusion function G, used by

Bradshaw & Unsworth( 1974\ , has been retained wit,hout any

modification in the present study. This is due to lack of

information available on the behaviour of energy diffusion
function in a diffuser. It is well known that the energy

diffusion function G is not a dominant function in the tur-
bulent energy equation as compared to the dissipation length

parameter L. Thus retaining the values for G used by Brad-

shaw & Unsworth(1974\ may not have any adverse effect in the

present study.

study the effect of various parameters onIn order to
predicted flow

general they can

f ield several cases Yrere

be classified as:

investigated.

the

In

i) Generating the initial velocity profile in the dif-
fuser using the Coles'Iaw at the inlet of the dif-
fuser and predicting the downstream velocity and

shear stress profiles under the influence of a po-
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111)

iv)

15

sitive stream wise pressure gradient defined using

the diffuser centerline velocities.
Same as above but the effect of divergence defined

using the virtual origin of the di ffuser was in-
c luded.

Experimental velocity and shear stress profile near

the diffuser inlet as the starting profile to pre-

dict the downstream velocity and shear stress pro-

files, under the influence of a positive pressure

gradient as defined in case (i).

Same as case ( i i i ) , but the ef fect of divergence

defined as before was included.

The experimental3 data used was measured by Kassab(1985)4

in a conical diffuser of solid angte of 8o The diffuser is
fed by fuÌIy developed pipe flow from a pipe of 10.16 cm di-
ameter. The overall length of diffuser is 71.96 cm vrith an

inlet diameter as that of pipe and outlet diameter of 20.22

cm giving an area ratio of 4¿1. The center line velocity
decreases monotonically in the downstream direction due to

The station number refered hereafter in case of diffuser
flow represents the distance in cm from the starting point
of the diffuser. For experimental setup and diffuser de-
tails refer to Àrora(1978) and Kassab(1985).

Kassab(1985) measured the velocity and shear stress pro-
files perpendicular to the axis of the diffuser. This
data was compared with the prof il"es measured (perperrdicu-
Jar to the diffuser wall) by Laura(1985). The maximum
variation between these two different methods of measure-
ment hras Zeo in the wall region. Thus, in the present
study, it r¡as decided to use experimental data obtained by
Kasqab(1985) for all purposes.

3

4
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the positive adverse pressure gradient created by the shape

of diffuser. The X-axis was selected along the waIl of the

diffuser in a horizontal plane and the Y-axis being perpen-

dicular to the wall. Figure 2 shows the detaiLs of the dif-
fuser used along with the co-ordinate system employed.

À brief description of the software used and options

available in using the software is given in Àppendix B. À

detailed description and data input format can be found in
Bradshaw & Unsworth( 1 9741 .



Chapter I I I

RESULTS ÀND DI SCUSSI ON

3.1 DEVELOPING BOUNDÀRY LÀYER IN PIPE FLOW

Here turbulent boundary layer flow is considered to be

two dimensional without adverse pressure gradient. The re-

sults of the two cases discussed in section 2.2 are present-

ed for the case of a turbulent boundary layer growth in a

pipe. Three stations at 2.27, 2.28 and 2.29 metres f rom the

end of the trips were chosen for comparison of experimental

and calculated quantities. In the first case mean velocity
and shear stress profiles measured at station 2.27 meters

from the trip was used as initial input. For the second

case, ât the same station, mean velocity and shear stress
profiles were generated from Coles' velocity profile using

flow parameters 0, Cf and R6 . In both cases the experimen-

ta1 measurements of Kassab(1985) lrere used without any modi-

fications.

s Details of Experimentat
Ient boundary layer flow
and Àzad et al. ( 1 985)

up and equipments for turbu-
pipe is given in Kassab(1985)

set
in

17
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3.1.1 Flow Parameters of Developinq Boundarv Laver

At first a compatibility study of the software used was

carried out by comparing the boundary layer parameters of

the flow generated at station 2.27 meters with that of Àzad

et aI.(1985). The summary of this comparison using CoÌes'

velocity profile is given in table 1. It shows that the

calculated values of ô are very close (within 1-Zea varia-

tion) to the experimental results presented by Àzad et

al.(1985) rtre behaviour of shape factor H in the present

study contradicts their conclusion. The shape factor is

found to be a function of & rather than being a constant.

This view is supported by the results of previous research-

ers. Figure 6 shows the comparison of shape factor from the

present study with that of Àzad et a1. (1985), Coles(1956),

Hama(1954), Landweber('1953), Purtell et aI.(1981) and

Schultz-Grunow(1940) for a turbulent boundary layer. The

absolute values of shape factor in the present study is very

close to that of Coles(1956) and Hama(1954).

Table 2 presents the flow parameters such as H, Cf, 0, ô

and R0 calculated for the three stations under consideration

aL a free stream velocity of 8.03 m/sec. These vafues are

compared with the experimental data of Kassab(1985) at the

respective stations. It is evident that the difference be-

tween the calculated and experimental quantities is about

4eo. This difference is well within the experimental errors

encountered in practice. The round off errors in the calcu-
r¡+ian ñts^^^Äure could also contribute to this difference.t-- vv es
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Figure 7 presents the calculated flow parameters H, C¡

and 0 along the stream wise direction. The predicted values

of 0 and H, using the veJ.ocity and shear stress input at

station 2.27, are slightly higher than those obtained using

the Coles' velocity profile. This difference may be due to

inaccuracies in the starting data as suggested by Bradshaw &

Unsworth (1974) .

3.1 .2 The Mean Velocity Field

The mean velocity profiles, both measured and calculated

at 2.27 and 2.29 metres from the trip are presented in fig-
ures I & 9. It is seen that at both stations the local val-
ue of the mean velocity component in X-direction obtained

using Coles' velocity profile is slightly higher in Lhe y/6

range of 0.1-0.3. The typical variation being of the order

of 2-3e". A similar phenomenon is observed for the inbetween

station at 2.28 metres (data not presented).

To study the velocity profiles in much more detail it is
presented in terms of universal co*ordinates U* and Y+ as

shown in figures 10 & 11. Here simple log law of the form,

l.=|rosrtl +c (3.r)

and simple power law of the form,
g=c
u* (u*y/v) n

are plotted along with calculated values

data of Kassab(1985). In the present case,

(3.2)

and experimental

the existence of
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logarithmic region is observed in the Y* range of 30 to 300.

This observation reinforces the idea of Purtell et at.(1981)

and Azad et aI. (1985) ttrat "the logarithmic region seems to

be an inherent characteristic of the turbulent boundary lay-

er". The limits of existence of logarithmic region is dis-
cussed in Hinze(1975). According to him the upper limit of

logarithmic region depends on Reynolds number. Hinze(1975)

agrees with a lower limit of Y* = 30 but has suggested to

consider the lower limit in the range of 50 to 60 to accom-

modate fully turbulent flow condition with negligible direct
viscosity effect. The deviation in predicted velocity pro-

f ile f rom that of Kassab( 1985 ) is 2-.3eo in the logarithmic

region and decreases substantially (gradually to 1eo or less)

in the outer layer.

The numerical constants in the present case for "log law"

is observed to be 1/" = 2.44 and C = 5.0. These values are

in agreement with Coles(1956) and many other published data.

The constants of "Pohrer law velocity distribution" are given

as c = 8.3 and n = 7 by Hinze(1975;eq 7.57), where as

Sehliehting( 1 979;eq 20.1 1 ) obtained values of C = 8.74 and

n = 7. Àccording to several published literatures to date

the value of n = 7 does not seem to vary. But the value

suggested for C varies from 8.2 to 8.8. Àssuming the value

of n = 7, in the present study the value of C was observed

to be 8.35.



21

It can be readily seen from the universal plots that the

calculated mean velocity profile begins approximately at a

Y+ value of 30. this limitation can be attributed to the

calculation procedure(ref . Bradshaw & Unswort}.¡1974) where

the initial point in the input is taken egual to the momen-

tum thickness 0. It is worthwhile to note that even if we

are able to predict the mean velocity very close to the

waIJ, comparison of this results with the experimental data

can pose several problems. For example, it is well known

that the error in measurement of accurate distance from the

waIl to hot wire can result in a deviation of the measured

mean velocity between a linear relationship and the form U*

= Y+ Also, there is a problem of correcting the hot wire

anemometer reading for heat loss due to conduction from the

wire to the waIl.

3.1 .3 The Shear Stress Distribution

The calculated shear stress (r) non-dimensionalized with

free stream velocity (boundary layer outer parameter) is
presented in figures 12 6, 14. In figures 13 6.15 the same

shear stress non-dimensionatized using frictional velocity6
(boundary layer inner parameter) is presented.

6 The mean velocity data ¡rere used in a cross-Iog plot to
:birin the frictional velocity.
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since experimentar shear stress profile was available
only at the starting point (2.27 metres from the trip), in
figures 13 & 15 (at station 2.29 metres) the shear stress
profile comparison is shown for two methods of calculation
only. It is observed (f igure 12 & 14) that very near to the

wall (v¡ithin 0.1 y/õ) the calculated shear stress values ob-

tained using coles' velocity profile generation method are

higher (about 5-7eo) than the experimental values. But for
0.1 s y/õ <

the two is about 1-2eo. However, in the region y/6 <

figures(12-15) seem to exhibit a constant value of shear

stress. This behaviour is in agreement $¡ith the assumption

of a constant shear stress in the warl region. À similar
trend in the distribution of measured turbulent shear stress
nas reported by Klebanoff ( 1 954 ).

3.2 TURBULENT FLOW PREDICTION TN À CONICAL DIFFUSER

Here the resurts for t,he flow in a conical diffuser are

presented. Àgain it shourd be noted that the main aim was

to examine lhe behaviour of the flow near the diffuser wart.
Às mentioned in section 2,3 the effects of various input pa-

rameters nere broadly categorized into four cases. The re-
sults obtained using the above procedure are summarized in

the following sections.
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3.2.1 The Mean Velocitv FieId

The predicted and measured non-dimensionalized mean ve-

locity profiles are shown in figures 16-23. It is evident

that in the initial stages of the flow, accounting for the

extra strain rate due to the flow divergence, does not seem

to greatly alter the predicted value in the absence of div-

ergence. The difference between the two being of the order

of 2-3eo in the waIl region. The above observation is true

for synthetic as well as experimental starting profiles.

The predicted values using synthetic profiles do not yield a

better agreenent $rith the experimental data, specially in

the wall region, for distances upto 24 cms from the diffuser
inlet. Such a difference can be expected since the synthet-

ic starting profile using the integra] flow parameters may

not exactly represent the characteristics of the flow at

that point. Àlso the shear stress profile obtained from

this generated velocity profile does not agree well with the

experimental measurements. À detailed discussion of shear

stress wiII be presented in the following sections. It is

surprising to note that in the outer region or towards the

axis of the diffuser the predicted values are in close

agreement with the measured velocity profile. It is ob-

served from figures 16-23 that including the effect of div-

ergence for distances beyond 24 cms from the inlet leads to

predicted vaLues being far lower than the experimental val-

ues. The variation between the two is in the range of 3-8eo.
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Neglecting the effect of divergence, the predicted mean ve-

Iocity, using both the synthetic and experimental starting
profiles, is in close agreement h'ith the measured quantity.

Thus the flow seems to behave as a two dimensional turbulent

boundary layer flow with a small obstacle at the diffuser
inLet (due to flow divergence) causing disturbance in the

initial region of the diffuser flow. The divergence effect
in the form of extra strain rate is felt in this initial re-
gion only. À study of extra strain rate reported by

Àzad(1982), confirms the behaviour exhibited in the present

study. Às the flow develops further into the diffuser the

effect of divergence gradually reduces. Fina11y, after a

certain stage (approximately one half of the total length of

the diffuser) the flow attains a fully developed state and

divergence has no longer any effect on the flow field.

The main drawback of this method was that in a]l cases

flow could be predicted only upto one half of the total
length of the diffuser, when the calculation was terminated

due to the occurrence of separation. This results in r S 0

in the calculation and eventually its termination. In order

to study the effect of various input parameters on separa-

tion, measured and predicted value of Ct at 30 cms from the

inlet of the diffuser for aIl the four cases is shown in

figure 24. It is readily seen that including divergence ef-
fect at this stage results in significant deviation of the

calculated value from the measured. It should be noted that
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any deviation in the measured and calculated values should

also take into account the difficulty of obtaining Cf by

preston tube method in an adverse pressure gradient. The

occurrence of separation is surprising since the diffuser
used was an optimum one from the performance point of view

with included angle in the range of 5-10? e close examina-

tion of the mean velocity profiles measured by Kassab(1985)

reveals that the slope and magnitude of the profile decreas-

es towards the diffuser exÍt. There was no indication (vis-

ua1) from the shape of the profiles that the separation

could have occured within the diffuser. A more convincing

and conclusive study about separation from flow visualiza-
tion techniques could not be carried out in the present

study.

The mean velocity profiles plotted using universal- co-or-

dinates are presented in figures 25 to 32. Àt the inlet to

the diffuser the fully developed pipe flow is in excellent

agreement h'ith the universa] Iaw of the wall for Y* >

The ex i stence of thi s law i s evident at approx imately '! cm

from the inlet. Here the logarithmic law }ine (solid line
in the figures 25 to 32) has been drawn keeping the slope

equal to 2.44 and as a best fit to pass through the data at

Y* = 30. Such a technique can be justified from the study

of Huffman & Bradshaw(1972, who concluded that the slope was

a universal constant even at lower Reynolds number. The Y

intercept obtained from this procedure is clearJ.y different
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from the usually quoted value of 5. Further, in the region

of 5 to 15 cms from the inlet the existance of a logarithmic

law region is not evident as shown in figures 27 and 28. ln

this region, including the effect of divergence does seem to

reduce the difference between the predicted and the experi-

mental values. The disappearance of the universal logarith-

mic law in this initial region is not a surprise. In a

study of step induced separation of turbulent boundary lay-

ers, Bradshaw & Galea(1967 ) revealed that the logarithmic

region disappears when the pressure gradient parame-

ter[(v/pu*3 )aprlax] is in the range of 0.01 to 0.04. An ex-

amination of this parameter along the diffuser length indi-

cates that non existance of the logarithmic law is a

possibility within the first 10 cms from the inlet. A simi-

lar observation was made by Trupp et aI.(1985) in a detailed

analysis of the experimental data. In fact they propose a

dual logarithmic law based on the conjecture lhat there

could be two boundary layers; one on the wall of the diffus-

er and the other due to the pipe flow. Àt approximately 20

cms from the inlet the logarithmic law reappears but is lim-

ited to a very small region. À dominating wake component

takes over as the flow proceeds towards the exit of the dif-

fuser. It is seen from the experimental data (trupp et

a].i1985) that in the later half of the diffuser, the region

of validity of the logarithmic law remains approximately a

constant. A similar behaviour of decrease in logarithmic

portion of the velocity profile nas observed by Scot-
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under the influ-torn (1967)-

ence of an

for a turbulent

adverse pressure

boundary layer

gradient.

It should be noted that the calculated mean velocity pro-

fites begin approximately at a higher Y* values (around 30)

in the universaL plot. The reason for it being the same as

given at the end of section 3.1.2. Thus a discussion of the

waIl law in the viscous sublayer could not be carried out in

the present study.

3.2.2 The Shear Stress Distribution

The predicted shear stress distribution for all the four

cases under consideration are present,ed in figures 33 to 35.

They represent stations 6, 18 and 30 respectively. À com-

parison of the experimental and predicted profiles at the

above stations for all the four cases shows that they both

agree qualitatively. Having the experimental velocity and

shear stress profile as initial input, there is, in general,

a better quantitative agreemenl with the experimental data

at all the stations. The variation between the two being t

Zeo near the wall region. Using the synthetic prof ile as the

initial input, the predicted shear stress profiles result in

being far from agreement with the experimental specially in

the initial region of the diffuser (upto nearly 10 cms from

the inlet). Such a difference can be explained by examining

the initial shear stress profile generated from Coles veloc-

ity profile. This distribution no longer truly represents



the turbulence characteristics at the i.nlet

ure 33. Thus a difference in the measured

value for the synthetic case is largely due

ancy in the initial shear stress profile.

28

as seen in fig-
and predicted

to the discrep-

Àccounting for the effect of divergence in the initial
region (upto 10 cms) of the diffuser does not seem to great-

Iy improve the predicted values near the waII region. How-

ever, including the effect of divergence further downstream

results in predicted values being considerably higher than

the measured shear stress. Àgain emphasizing the point that
divergence effect if present is confined to the initial re-
gion only. A close examination of figures 34 and 35 show

that the predicted shear stress using the synthetic data in-
put is also in good agreement with the measured value in the

wall region. À behaviour which cannot be explained at this
stage of invest igat ion.
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CONCLUSIONS ÀND

IV

SUGGESTI ON

4.1 CONCLUSIONS

The following conclusions can be

flow prediction in a developing pipe

i)

rr)

r11)

drawn from the study of

flow.

The flow field in a developing pipe flow can be

treated as a two-dimensionaL turbulent boundary

layer with zeto pressure gradient for prediction

purposes.

The predicted mean velocity field, using the tech-

nique developed by Bradshaw et aI.(1967l., is in ex-

cellent agreement with that obtained experimental-

1y. Thi s is true for both experimental and

synthetic data as the initial input.. The predicted

flow integral parameters match well with those ob-

tained from experimental data. The only drawback

of this prediction technique is that the predicted

values do not cover the viscous sublayer region of

the turbulent boundary layer

The predicted shear stress values, using the syn-

thetic data as the initial input, are slightly
higher (5-7e") than the experimental values in the

wall region (y/6 <

29
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the results obtainedIn the case of a

can be summarized as

conical dif fuser

follows ¡

Mean velocity profiles predicted upto approximately

half the total length of the diffuser are in close

agreement with the experimental measurements. This

result is true for both experimental and synthetic

data near the diffuser inlet as the initial input.
The universal logarithmic region of the mean veloc-

ity profile which is present at the inlet to the

diffuser disappears in the initial region ( from

2-15 cms from the inlet). In this region there

seems to be a dual logarithmic law region with

higher slopes and lower constants. The universal

logarithrnic law region reappears at a later stage

but the extent to which it is valid is considerably

reduced.

The predicted shear stress profiles, using the ex-

perimental data near the diffuser inlet as initial
input, agree well with the measured value. Using

the synthetic data as the initial input results in

predicted shear stress values being far from agree-

ment with the measured specially in the initial re-

gion.

In the initial region of the diffuser (approximate-

ly in the range of 2-15 cms from the inlet), ac-

counting for the effect of divergence improves the

i)

11,

111,

iv)
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predicted value of mean velocity near the wal1.

The predicted shear stress values are not affected

much by the inclusion of the divergence effect.
However, accounting for the divergence effect in

later part of the flow results in predicted veloci-

ty and shear stress profile being far from agree-

ment with the measured values.

The prediction of the flow beyond half the total
length of the diffuser fails, indicating either the

limitation of this technique or separation which

cannot be confirmed at t,his stage of investigation.

v)

4.2 SUGGESTION

i)

11,

In the present analysis the interaction of various

shear layers was neglected. Future study should

include such interactions. one possibility is to

use the theory available for channel flows and ex*

tend it to the case of a diffuser.
The distribution of energy diffusion function (G)

available in the program was retained for Lack of

information available in the diffuser. À thorough

experimental investigation of d1¡ L and G measured

normal to the diffuser waII should help in the

proper representation of these functions for calcu-

lation.



iii ) FinaIly, a program of flow visualization
diffuser wilI greatly help in understanding

haviour of the flow near the wal1.

in

the

32

the

be-
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Àppendix À

FORMULÀTION OF TURBULENT ENERGY EOUÀTTON

À.1 DERIVATION OF REYNOLDS EOUATION

The Navier-Stokes' equation for an incompressible flow is

dL
+v (e. t)

Considering steady flow and writing instantaneous velocities

as the sum of mean and fluctuating quantities i.e.,
TT

ç = UX*\; P- = p+p

where Uk is mean and rtr is the fluctuating component of in-

stantaneous velocity in turbulent flow. Then,

âuL 0; u.'t 0;

ad
l"

a\
-,ñÇ-r[ç

_t
p

â\4
* vk-ãd

ðPI
-ãx,

l-

A!\*
La\ a\I

p

__
du,

t-
ïï.

L E lou.lI
U

Substituting the above turbulent quantities in equation

(e. I ) and t,aking average lte arrive at
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which reduces to

â(ryk)
o___ç_ AP-r

I

^ au,q,'4 -ffir+ (A.3 )

Equation (a. ¡ ) equat ion.

A.2 TOTÀL TURBULENT ENERGY EOUATION

Rewriting equation (e.l) in terms of mean and fluctuating

quantities for a steady flow (i component of flow only)

- ! â(P + P)
a'{u, + u. )

(A.4)+

is known as Reynolds'

Multiplying equation (e.¿) by (

ing and rearranging it, we get

eguation as

-Tx aKKK

Uj + rj ), expanding, averag-

i component of Navier-Stokes'

tt 
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I dvk "k
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o -r dx.
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+ v "rãL a-1

Similarly we can get j component of Navier-Stokes' equa-

tion by interchanging i and j in equation (¡.S). Àdding i

and j component of Navier-Stokes' eguation wilI yield total

turbulent energy equation which can be written as

I
-u.pl
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À.3 MEAN FLOW ENERGY EOUÀT]ON

To obtain i and j component of mean frow energy eguation,
Reynolds equation (e.g) is murtiplied uy uj and ui respec-

tively. Àdding. i and j components and simplifying we get

mean flow energy equation as

a2ui

i âx* â>1

..
a 
2ui

a (u.u.u. )rlK =-åtuiå.ui{)+v(uaxo

â 
2u.

I
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(A.7)

)

âtrro.(u. -r K + u'l dx J-

TURBULENT KrNETIc ENERGy EouÀTroN IrKes]
(fluctuating Turbulent Flow Energy Equation)

À.4

Turbulent kinetic energy equation is
tracting mean flow energy equation (e.Z)

lent energy equation. Then setting i = j

obtained by sub-

from total turbu-
h'e get TKEE as
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au'
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aC

'*d +
aEuIK__ãx-

K

Introducing boundary

gradient i.e.,

IAp
p("ia,1

âP l*i âx.I

^ 1 ð îi:q'=uiZE.

+u

layer approximations without pressure

lôFpâx -0 -,

(A.8)

(A. e)

(A.10)

v¡here q' = * (u2 + vt + w2)

and using # =

Expanding equation (À.8) we get

âx
K

. aü? afÇ
å t"n i¡i . -ftl'

AU-E

au.I
u ap

I
-T".

]-ui. 
a>q TÇ+Yu.\

lK
+

p âx.
1

t-"iqq
â 

2u.
Irm âu'

-{+}2)dxk

â2u
But = ir

The terms -z âUu--ã-dx
.-2ano v Ðv are in most cases an order of

ãy

magnitude smaller than and they can be neglected.

Since viscous diffusion is negligible, substituting for

| = 1,2 in equation (e.g) and adding them upon introducing

ur=uiuz=viUl=U;Uz=$
x1 = x and Xz = y

-âuU1-dy
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after simplification we get TKEE for two dimensional flow

as:

U æ +V Læ
ây

d

ãy Prv
1-+7P9-v) âU

ãi +pÊ o (t. rr)+a

u¡
p

2

v¡here 1=-püV i g=V
âu.(i¡z
dxk



Àppendix B

DETATLS OF PROGRAM

8.1 OPTIONS AVAILÀBLE IN THE PROGRÀM

In the program several options are available.

be summarized as follows:

i)

1r)

Lt1,

They can

To generate velocity and shear stress profiles at,

the beginning point by Coles' velocity profile fam-

ily specifying e, U"0/v and Q (referred to as syn-

thetic profile generation), or to experimental ve-

locity and shear stress profiles at that point.

option for separate du"/dx input or dv"/dx from

3-point parabolic fit to Ue which is useful for

free-stream velocity distribution with rapid change

of gradient
dU

- å ;* = u. æe (8.1)

Variable surface roughness for given equivalent

sand-grain roughness at given x (alternatively

roughness parameter Zo can be input) or smooth sur-

face. (The additive constant in the Iogarithmic

velocity profile being evaluated from an analytical

fit to the classical results of Nikuradse's sand

roughness data Isctrtichting( 1 979);Fi9 . 20.217) ,

E-UNIVERSITY OË
ËsRARBLItsATOMAN



iv)

v)

vi )

vii)

42

Distributed surface transpiration, the inner bound-

ary condition being the "bilogarithmic" Iaw. (wit¡r

an anaLytic fit to a consensus of experimental data

for the additive constant),

Allowance for the effect of low Reynolds number on

the outer layer, (by changing the length scale L in

outer layer only) by an empirical function
ô ,.Tmax.
T/( p ) (8.2)

to produce the observed variation of outer layer

profile shape.

Àllowance for the effect of longitudinal curvature

and lateral divergence on the turbulence structure.

Output at selected values of X. This is achieved

by modifying X step in calculations such that it is

equal to the requested X step.

deett
dx-

The option (vi) is an important factor in diffuser flows.

This divergence effect is taken care of by subtracting rE

oeeff term in dissipation term ,"t's/L ) in the shear stress

equation. a being an empirical constant and is of the order

of 10 which is different for each extra strain rate e and

each €^.. is the solution of a "Iag equation" or "Iow-passert
filter"

t0ô (e e eff
(8.3 )
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where 10ô is an empirical large-eddy "1ife time". The al-

lowance for the effect of divergence on the turbulence can

be suppressed in the program leaving only its effect on the

continuity equation. Typical values of a for the effects of

divergence and curvature can be listed as

a = 10 for divergence

= 14 for convex curvature

= 9 for concave curvature

8.2 PROGRÀM DESCR] PTI ON

A f low diagram of the sof tware used is given in f igure '1 .

In the main program minor calculations and calling of appro-

priate subroutines is done. ORDIN is an interpolating sub-

routine, which interpolates tables linearly or parabolically

depending upon the sign of step (linear if positive, para-

bolic if negative) in calling function.

The

table s

program begins

of various
G

/(r /u2\rBax e'

with a BLocK DÀTÀ subprogram defining
parameters such as

ôdc
/( t /¡¿2\max' e'

dy

dissipation length scale parameter L and stress-energy ratÍo

âr at an interval of 0.05ô from y = 0 to y = 1.456. Àppro-

priate btock data of âr and L are used while executing the

program. The various curves of âr and L used here for anal-

ysis is given in figures 4 and 5 respectively.



Then the program calls START which reads all
different options (as mentioned in section 8.1 )

particular cases. if velocity and shear stress

not read in, it cal1s for SYNTH subroutine in

erates velocity and shear stress profile making

U"0/v and C' with Coles' velocity

"..Y.v

44

the data and

requi red in
prof i les are

which it gen-

use of given

prof i 1e fam-values of 0,

ilv

UI =-u*K log +c * f,rr cos Ty
ô

(8.4 )

known as "log law plus cosine wake" and a mixing-length as-

sumption for shear stress profile.

Àfter getting velocity and shear stress profiles in SYNTH

g is converted into y step anð U"O/v to Ur"tL/r. At the end

of START U and r profiles are re-normalized by Uret instead

of Ue. START and SYNTH (if velocity and shear stress pro-

files are not read in) are used only once during a run and

they are not cal1ed anywhere after this.

Àfter STÀRT, the main program adds two extra "free
stream" points to each prof i1e and transfers the recently

inputed or calculated profiles (Uf'Uf and TFUT) into the cur-

rent arrays of U and TAU. With this the new values of UFUT

and TFUT are obtained by forward integration in NEWPRO.

lmax and ôos are evaluated at this stage which are used in

scaling G. Then INTGEQ, VANGL and CFL are called in the

above order.
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INTGEQ first evaluates displacement thickness ô* and mo-

mentum thickness 0 by integrating velocity profile, ât cur-

rent x. Then it is again calculated from the momentum-inte-

gral equation (assigned as SCHMET to differentiate THETA

calculated by using velocity profite). The difference be-

tween THETÀ and SCHMET is a measure of accuracy of the nu-

merical procedure as a whole. VANGL calculates V by inte-

grating the equation along the vertical characteristic and

TANCÀL calculates the characteristic angles (tan À and tan

B ) at the current value of X f or later use in NEI,IPRO. CFL

calculates the next x step where the profiles need to be

calculated. If this next step would pass, o! nearly reach

the next value of X at which PRINT is called, the X step is

reassigned so as to reach that value.

To obt,ain the effective value of extra strain rate an op-

tional routine EXSTRÀ is ca1led (where it solves ordinary

differential lag eguation (g.Z) ). It is assigned to the

variable STRAIN the value of ¡ ae"ff /V at the current x for

use in NEWPRO and WALLBC. In next step PRINT is called if

the value of X or the number of steps executed so far satis-

fy the required conditions.

The program now checks whether the number of steps per-

formed or the X distance covered has reached the maximum re-

quired or whether the maximum X would be exceeded on the

next step. If so, the run is stopped and the next case is

begun, if any. If the roughness length input is positive

then ROUGH simulates Nikuradse's sand-roughness data.
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After assigning boundary values at X (i.e., X step and

the values of UedU"/d*) ttre program ca]ls the wall boundary

conditions routine WALLBC to calculate rw and U, V and r at

the first mesh point at X + X step. Here modified logarith-
mic law equation IBradshaw et aI. ( 1967 );Eg. '18], the ordi-
nary differential equation along the characteristic

lBradshaw & Unsworth(1974);Eg. 7 I and shear stress equation

IBradshaw & Unsworth;Eq. 11] (formula obtained by substitut-
ing a 1/sth power law velocity profile into the momentum

equation and integrating between the wal1 and the first mesh

point at X + X step) forms three eguations for ,r, r1 and Ur

The increment in Ur, eo and ,, (OU, DÀ and DTW) are calcu-

lated according to linearized approximation to reduce the

above three equations (f1, F2 and F3 respectively in the

program) to zero until the iteration for solid wa11 (or

transpiration) has converged.

Àfter achieving convergency for F1,

calculated at X + X step by integrating
tion from wall to the first cal-culation

= f. (u*y/v) ) , given by

Uryl du*

F2 and F3 V(1 ) is

the continuity equa-

point (assumi ng Ís/u*

r åil r {'V(1) = Y u dy (B.s)
f,{ u* dx

where (1AJ) aw/aZ ís independent of y and equal to 1/(x-xol
in a laterally diverging flow.
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In WÀLLBC functions PHI and F are called by the solid-
wa11 and transpiration options respectively which are ana-

lytical functions appearing in the generalized logarithmic

laws obtained by integrating the mixing-length formula with

a shear stress varying in y direction. The effect of extra

strain rate has been incorporated in solid-surface option by

writing the turbulent energy equation in locaI equilibrium
form with empirical allowance for extra strain rate as

glz
âU
ãy

cê{¡i) tu-ï-T (8.6)T

where øe/v = STRATN. if
step of the iteration the

andr = 0isreturnedto
lf

stop the run.

r 1 or r falls below zero at any

flow is deemed to have separated

the main program as a signal to

If separation has not occured, the main program calls
routine NEWPRO to calculate U and r at X + X step (Uf'Ut and

TFUT) from second mesh point to the edge of the layer using

the remaining boundary conditions. Here method of charac-

teristic is adopted in calculating U and r profiles from

second mesh point to the edge of the layer. ÀL array (Z X

3) in NEWPRO calculates the co-efficients in the pair of

characteristic equations along lines intersecting at the

downstream mesh point Ifigure 3], one for in going charac-

teristic (tl = 1) and the other for out going characteristic
(tl = 2). Since the method of characteristic is explicit no

future values of U and r at other positions are required. A



48

check is made for unphysical val-ues of y, U and r (such as y
>Y,r<

max '

initial value problem because the downstream profile lies

entirely in the region of influence of the upstream profile.

The physical prob)-em thus requires speci.fication of one

boundary condition at the outer edge (which is satisfied by

giving velocity at outer edge of boundary layer).

The rapid stream wise changes are most 1ike1y in the in-
ner layer as the boundary layer approximation requires the

outer layer to change slow1y. Thus after calculation of the

downstream values of U and î | vafues of V and the character-

istic angles are calculated in the inner layer only. The

calculations of U and r in the inner layer is repeated with

co-efficients interpolated between the upstream values and

the newly calculated downstream values. The values of V and

the characteristic angles corresponding to the final values

of UFUT and TFUT are calculated t.hroughout the layer by the

VANGL routine in the next step. In brief, the cafculations

at the first mesh point is iterated to converge in WALLBC.

The calculation in the inner layer is iterated twice and the

calculation in the outer layer is performed only once in

NEWPRO.

Finally the main program calls REDUCE to reduce the num-

ber of points on the profile if it exceeds the required op-

tional limit I (11). It reduces the number of point,s on the

profile by 2/3 of previous number and increases y step ap-
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propriately by a factor of 3/2. To obtain velocity and

shear stress profiles at new y, ¡ and log U are interpolated

linearly. REDUCE is suppressed if Cf < 0.0005 and near sep-

aration, provided that the number of profile points is not

about to exceed the array limit. Then the main program in-

crements the X step count by 1 and the value of X by x step,

and returns to the beginning of the main calculation loop.

8.3 EMPIRTCÀL INPUT PRESET IN PROGRÀM

i)

rr)

rrr)

iv)

Logarithmic-Iaw constants rc is taken as 0.41 in

WÀLLBC, C âs 5.2 in the main program. Overwritten

by ROUGH subroutine, if called, by linear fit to

Nikuradse's sand-roughness data and again in

WALLBC, if transpiration velocity is non-zero, by

analytical f it. to Rotta (1970) data.

The empirical constant of order 10 in the allowance

for extra strain rates and time constant, 10ô, in

the low-pass filter applied to the allowance set in

EXSTRA.

Cosine-1aw wake profile and mixing-length profile

in SYNTH.

The empirical function correcting L for low-Rey-

nolds-number effects, set in the main program and

used in the assignment of RL in NEWPRO.
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TABLE 1

Comparison of Boundary Layer Parameters At Station 2.27 m

From The Trip

U TYPE ô 0 H Re

4.27 Experimental 46.00
Calculated 49.31

5.46
5 .46

1.346
1.346

1 466
1 467

8.03 Experimental
Ca 1c uIa ted

46.00
46 .34

5 .46
5 .46

1

1

3
3

4
7

6
9

27 56
27 57

12.01 Exper imental 46. 00
Calculated 48.97

5 .46
5.46

1.346
1 .339

4125
41 27



TABLE 2

Turbulent Boundary Layer Parameters Àt Three Stations

(with free stream velocity 8.03 m/sec)

51

Experimental data of Kassab(1985)
Calculated using parameters at Station 2.27 m

with CoIes' velocity profile
Calculated using data at station 2.27 m

* CASE I
CASE T I

CASE TII

STATION CASE* ô 0 H R^
H

c f

2.27
I
IÏ
III

46.00
46.34
50. 17

5.460 1 .3460
5.463 1 .3789
5.535 1.4051

2756 3.341
2757 3.341
2796 3.341

2.28
I
ÏI
IIÏ

45.85
46 .43
49 .66

5.51 4 1 .3620
5.479 1.3781
5.533 1.4055

2785 3.317
27 65 3. 335
2794 3.059

2.29
I
IT
III

45.06
46.53
49.83

5.51 9 1 .3620
5.497 1 .3778
5. s63 1 .40s3

2788 3.296
2775 3.335
2810 3.007
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