C.P. No. 1036

C.P. No. 1036

MINISTRY OF TECHNOLOGY
AERONAUTICAL RESEARCH COUNCIL

CURREN J PAPERS

On the Prediction of Laminarisation

By

B. E launder and W. P. Jones

Department of Mechanical Engineering,

Imperial College, London.

LONDON: HER MAJESTY’'S STATIONERY OFFICE

1969

Price 6s 6d net






¢, P, Mo, 1036”

February, 1968

ON THE PREDI CTI ON OF LAMINARTSATION

by

B. E Launder+ and W P. Jones ¥
Departnment of Mechanical Engineering,
Imperial College, London

SUMMARY

In rapid accelerations it is known that an originally turbulent boundary
| ayer may undergo a partial or complete decay to laminarj; a phenomenon known as
laminarisation. The report distinguishes between 'moderate' and 'severe
accelerations, For the former, the sublayer of the boundary |ayer undergoes
consi derabl e change in struecture but the boundary |ayer remains essentially
turbulent. For the latter, a conplete degeneration to laminar flow will take
place if the acceleration continue.3 over & sufficient distance,

Two simple nodel s have been proposed for the variation of turbulent shear
stress, according to whether the acceleration is 'noderato’ or 'severe'. These
nmodel s have been incorporated into the finite difference prediction procedure of
Patankar and Spalding and comparison made with a limted nunber of experinments
Agreement with experinent is reasonably good and progress to date has heen

sufficiently encouraging to suggest that the accurate prediotion of laminarisation
IS now an attainabl e objective,

*Lecturer i n Mechanical Engineeri ng-

;Rssearoh St udent, Hechanical Englneering.
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1. Introduction

1+1 The_occurrence Of laminarisation

Wen a turbulent boundary layer undergoes a severe acceleration it may
revert partially or conpletely to laminar, A vari ety of |abels have been given
on the phenomenon; in this paper it is ternmed 'lamnarisation'. Over the |ast
dozen years a nunber of workers have observed |am narisation! (Refs 1=11).

these, Refs.9, 10 and 41 contain the nost conplete experimental examinations of
the probl em

Figs.1 and 2 illustrate some of the effects of lamnarisation on the
gross features of the boundary Iayer. Fig.1 shows the variation of the shape
factor, 1i, along a plate in which the free-streamdynemic pressure is increased by
a factor of 6 over a length of éinches. The shape factor is a convenient
paraneter with which to distinguish between a turbulent and a laminar boundary
| ayer. In zero pressure gradient His equal to about 2,6for a laminar boundary
layer, while, in turbulent flow, it takes values between about 1.6 and 1.2 depending

on ReKnol ds nunber. For both lam nar and turbulent flow, an acceleration causes
the shape factar to decrease fromits flat-plate val ue.

For the boundary-|ayer devel opment shown in Fig.1, the shape factor is
about 1.6 upstream of the contraction and initially decreases "al ong the nozzle.
However, H then begins to rise sharply and reaches a value of about 1.8 at the
end of the contraction. The shape factor then continues to increase as the
boundary | ayer continues its devel opment in near-zero pressure gradient. The nean
velocity profiles at three stations are shown in inset on Fig.1. The change in

the profile shape from turbulent upstream flow to that of a lamnar boundary |ayer
downstream is clearly evident.

The above exemple i s one of a 'fully-laminarised' boundary |ayer where
the acceleration was sufficiently rapid and occurred over a sufficient length for
the reversion to a laminar boundary layer to be virtually conplete.  When the
pressure gradient was renoved, the boundary |ayer continued to devel op sone distance
downstream as though it were | am nar. As a second exanple of lamnarisation, Fig.2
shows some surface heat-transfer data of Filetti (Ref.7) quoted by Meretti and Kays
(Ref,10). The test plate is maintained at a nearly uniform tenperature from 2 ft
along the test plate and an acceleration is inposed at about 4 ft from the |eading
edge. The Stanton nunber falls sharply in the accelerated region but quickly rises
again when the pressure gradient is renoved. Here, then, the boundary |ayer
undergoes only partial laminarisation and, with the renoval of the pressure gradient,
the original turbulence Structure i s quickly re-established.

" Figs.1l and 2 also show the variation of the paraneter K (defined as

A, ) through each of the test sections. Experiments have shown that when
UG' dx

K exceeds a value of about 2 x 10‘ lamnarisation effects wll become significant.
In each of the quoted tests K exceeded th:Ls valuk Theor eti cal consi deration
(Ref.11) suggests that t he parameter L, (K.c , rather than K, should
determ ne the onset end degree of |am nari satl on and we shall make use of this
paraneter |ater. In nmost situations of practical interest, however, co. will lie

bet ween about 0.003 and 0.005, so the value of K alone provides a reasonable
indi cation of whether or not laninarisation till oecur,

The occurrence of Isminarisation is probably of greatest inportance
in the design of rocket nozzles.  Parkinson (Ref,.13) has found from an examination
of considerable heat-transfer data that for a region upstream of the throat,

conventional turbul ent boundary-layer theories predict Stanton numbers up to 400%
higher than neasured val ues.

Strong/
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Strong accel erations are also present in the flow over gas turbine blades,
though it woul d seemrather unlikely that |amnarisation would occur in such
geonetri es. The maxi mum free-stream acoeleration occurs at the stagnation point
(where the boundary layer is leminar) and dininishes towards the trading edge.

One woul d thus expect that when the boundary |ayer becane turbulent it would
remain so.

Zaric (Ref.8) appears to have detected |amnarisation in what would, at
first glance, seem an wunsuitable environment; nanely, flow through a roughened
passage. The roughened surface was of a continuous symretric sawtooth formwth
apex angle of 14-P, The flow near the rough surface was alternatively accel erated
and retarded due to the profile of the rough surface. Towards the end of each
accel erated region the local surface Stanton nunber dropped significantly and the
measured mean velocity profiles were sinmilar in shape to those shown in Figei.

In the above exanple, the reversion of the boundary | ayer towards laminar
is an undesirable effect since a surface is generally roughened to pramote the
transfer of heat. Anot her unsought-for effect can oceur when a rapid agesleration
is followed by an adverse pressure gradient; for then, if leminarisation t akes
pl ace, boundary |ayer separation may occur at a nuch |ower pressure coefficient than
for a turbulent boundary layer (Ref.9). Such a situation might arise in flow
normal to a row of closely packed tubes.,

Whet her or not lanminarisation is a desirable feature in any particul ar
situation, however, the need to develop a reliable means of boundary-layer prediction
in highly-accelerated flows 1s obvious. It is a theme which is taken up in
Section 2 of this report.

1.2 Sink-flow turbul ent boundary I1layers

The simlar turbul ent boundary |ayers which devel op between plane convergi ng
wal | s are of particular inportance in the study of |amnarisation. For these flows,
the parameter K is invariant with x and the two-dinensional partial-differential
monent um and contiruity equations reduce to a secomi-order ordinary differentia

equation in terns of a similarity variable proportional to Sy, 1t s readily

v
demonstrated that for these boundary |ayers the |ocal Reynolds nunber and skin
friction coefficient are each constant throughout the flow Theoretical solutions

» to these constant-k boundery:layers may be obtained by using, for exanple, a

m xi ng-1ength hypothesis to relate the Reynol ds shear stress to the local mean
velocity gradient; the solutions would be conputed either by numerical solution

of the ordinary differential equation of notion or by a finite-difference procedure.

Attention will be turned to these theoretical solutions in Section 2;
here our purpose is to consider the implications of experimental investigation
A recent study (Ref. 42) has succeeded in establishing simlar sink-flow turbul ent,
boundary layers at three values of K; namely 0.7 x10™%, 1.3 x40™ and 3 x 107 ,
As the value of K was successively inereased, the mean velocity profiles
exhibited a progressive change towards those of a laminar boundary |ayer. Even
at the highest value of K, however, there was a |arge and self-preserving
turbulence distribution across the boundery |ayer. These findings are Inportant
for they show that, Over a significant range of accelerations, while definite
changes in the turbul ence structure near the wall takes place, the boundary layers
remin essentially turbulent. Thus, only in the nost general sense should
| ami narisation be thou& of as 'the opposite of natural transition’,

The /
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The findings confirm Schraub and Kline's (44) visual studies of
accel erated boundary |ayers. In the sublayer, they found that the sinoous
| ow nonent um streaks, whach are a characteristic of turbulent boundary |ayers,
did not suddenly cease to form above a certain value of X but, instead, gradually
disappeared as the acceleration paraneter was increased.

An enccuraging inference fromthese results |s that, for 'noderate'
accel erations, (for values of K up to about 3x 40~ ) existing turbul ent
boundary layer theories should, with only slight medifications, be capable of
predicting the effects of laminarisation, That is to say, we " ght hope to
predict conpletely the Stanton number behavicur shown in Fig.2; however, the
virtually conplete reversion to laminar of the boundary |ayers of Fig.1 would be
outside the scope of such a model.

1.3 Scope of the present paper

The purpose of the present paper is to present the results of sonme initial
attenpts at predicting the devel opment of turbul ent boundary layers in high
accel erati ons. The prediction procedure enployed is the finite-difference
formulati on of Patankar and Spaldang (Ref.14) and the theoretical contribution of
this work consists minly of supplying prelimnary turbulent shear-stress
hypot heses t o t he Patankar-Spalding programme,

To aid the theoretical work, a more conprehensive experinental
examnation of simlar sink-flow turbulent boundary layers has been started.
Al'though this experinental work is far from conplete, the results obtained to date
were used to aid the selection of a provisional shear stress nodel for moderate
accel erations.

As would be expected in a prelimnary report, agreement between neasurenment
and prediction is not perfect. The neasure of agreement is, however, sufficiently
good to |lead one to expect that the reliable prediction of laminarisation i S now
an attainable objective.

2. Preliminary Models fOr Laminarisation

2.1 Mbderate accelerations

2.1.1 Preliminary renarks

The findings of Refs,14 and 12, cited in Section 1.2 above, reveal that
there is not a single critical value of K (or rather L) above which a normal
turbulent boundary layer will degenerate to laminar, Rather, anacceleration will
cause detectable changes in the structure of a turbulent boundary |ayer for values
of K in excess of abaut 10™® and these effects become nore marked as X increases.

For a high enough acceleration, of course, it is known that a degeneration
to lamnar flow will ensue. This limt is probably inthe neighbourhoad of
K = 3x 10°® and demarcates the upper value of what is meant by 'a noderate
acceleration' , Before this limt is reached, however, a turbul ent boundary layer
will display marked departures from the 'universal' law of the wall,

The experiments of Refs.9 and 12 suggest that the principal changes that
occur in a moderately-accelerated turbul ent boundary layer take place in the
subl ayer; in crude terms, the region over which viscous stresses are significant
becones thicker (in terms of y*). To a first approximation therefore, it would

seem



-5 -

seem plausible that, in noderate accelerations, |aminarisation mght be predicted
by using an existing momentumtransport hypothesis for the main part of the |ayer
provided some means was found of predicting the [ocal thickness of the viscous
sublayer,

It is in determining the thickness Of the sublgyer that the sink-flow
boundary |ayers discussed in Section 1.2 are of great inportance. For, since the
boundary layers are similar, the sublayew thickness can be determned experinentally
as a function of T*, Having deternined this relationship for sinilar boundary
layers it might be thought that it would suffice for non-simlar boundary |ayers
as well. This is not, however, the case for it would inply that the local shear
stress throughout the boundary |ayer was considerably affected by local conditions.

I nstead The authors have supposed that the rate at which the sublayer changes in
thickness is linearly proportional to the 'amount' the sublayer is locally renpved
from its equilibrium condition. O course a decision has to be made on how one
is to quantify the above supposition. |t will be seen that the choice mde
follows naturally fromthe form of effective viscosity hypothesis adopted in
Section 2.1.2 bel ow.

2«12 Choice of effective-viscosity input

Patankar and Spalding (Ref.14) illustrated the application of their
finite-difference prediction procedure by using the Prandtl m xing-1|ength hypothesis,

with the followng yamp distribution of mxing length, g:

r = p&s(%> % (1)

Ay,
I nner region ¢ = ky v § g—ki—l eoe (22)
Quter region & = Ny L—k <y sy, cet {2b)

where ¥y, %s the normal distance fromthe surface at which the velocity differs
fromthe free-streamvalue by a small anmount fpUs; Patankar and Spalding chose
A = 0.09, k = 0.435 and fR = 0.1,

The finite-difference Solution was matched near the wall to the Couette~flow
solutions calculated froma nodified van Driest (Ref,15) expression for the variation
of effective viscosity in the sublayer. Thus, the fluid viscosity did not appear
explicitly in the finrte difference equations. Reasonabl e agreement with experiment
was achieved in a diversity of flow configurations.  The chosen shear-stress nodel
conpletely failed to predict the effects of laminarisation, however.

In the present work we need to specify a dependence of the effective
viscosity in the sublayer on the laninarisation par-ter, L, Far this reasom,
over the whole of the inner region the formof the effeotive viscosity distribution
suggested by van Driest is adopted:

H eff/

* . . .
For sink-flow boundary |ayers, since K and Cp are constant, L IS constanttoaq,
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g = b+ plirlt - exp(-y/aN]) |22 ( e (3)
Wherse ( , )
Mpp = 7/ P

The term A+ effectively determnes the distance from the wall at which viscous
shear stresses are Significant, i.e., it may be interpreted as a sublayer thickness
To fit ix:l_sting pipe-flow data van Driest set A* equat to 26. In the present
work A" for simlar sink-flow boundary |ayers, is assumed to be a function of L,
A provisional suggestion for A+s-(— L ¥ (where the 's' subscript denotes

simlar boundary Layers) is nmade in Section 2,1.3 bel ow. Far the present, k has

been taken as 0.4, a frequently quoted value, rataner than the value o 0.435 used
by Patankar and Spalding.

For the outer region to the boundary |ayer, Patanker!s m xing-Iength
distribution is retained except that the mixing~length constant, A, is multinlied
by a matching function, M to give continuity of shear stress at y = ('AyI/k).

For values of K less than 2 x 10~%, M differs negligibly fram unity.

To summarize, the prelimnary effective viscosity hypothesis for moderately
aceelerated turbul ent boundary layers is:-

Ay
I nner region (0 € y € _kL> 2

¢
bype = B+ pllwlt « ex(-5"/AND* | 5
where % = .09, k= 0,40 and A" is found from
equations (5) and (6) below.
Quter region (‘{L <Y % yL>; eos (W)
z | Qv
Hpe = p( 2 g)

where M is chosen to give continuity of stear stress at
Ny
k

Y =

*In all the calculations reported herein, the value of the velocity-deficit fractiom,

fpy at which y; 1S determined is assigned the value o001,

2.1.3/
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2.1.3 The A+S (L) function

As stated above, the variation of A*, with the laminarisation paraneter,
L, is to be determned. by reference to experimental neasurements of sinmilar sink-flaw

turbulent boundary |ayers. Unfortunately, the data of Launder and Stinchcombe
(Ref.12) are not suitable for this purpose because the flow in their apparatus was
not  two-dinmensional. The test section used in that study has been rebuilt, however,

and to date one simlar boundary |ayer has been set up and measured for a value o

K of 2.2 x 40=® (Jones (Ref.16)). Fig.3 conpares the mean wvelocity di stribution
for this boundary Jayer with two theoretical vreTFocity profiles; one for A" = &1,
The latter value was chosen by trial and error so that the momentumthi ckness

Reynol ds number was the game for the theoretical and the neasured boundary |ayers.
The experinmental end. theoretical profiles are inexoellent agreement all the way
across the boundary [ayer. It is thus not surprising that the deduced Cp and

H of 0.0048 and 4,5 should be accurately reproduced by the theoretical solution.

+ However, a single point is not sufficient to determine the conplete
A g &L function. When nore data are available their inplications till be

i ncor por at ed; until then an interimhypothesis is needed. It is here assuned that,
for Simlar turbulent boundary layers, the viscous sublayer grows thicker as L is
increased at a rate just sufficient to keep the skin friction coefficient constant.
The val ue of Co which these boundary |ayers are assumed to take on is that of the

above experimental solution, i.e., 0.0048. The hypothesis inplies that ag L is
increased from zero, A*s; remainsconstant at its zero-pressure-gradient val ue of
26 until ¢, has reached its maximum val ue. Thereafter, A% increases to keep
cp constant.

Fig.4 shows the variation of A"’B with L inplied by the above hypot hesis.
From the theoretical solutions A", varies nearly lirearly with L and so, for
simplicity, the A+s 4L 3 given by the solid line on Figs4 is chosen; it is:
At - 26 L s 1.9 x40
5
AS = 11 + (7.9 x10°)L; L » 1.9 x 107° .. (5)

Figs.5 and 6 conpare the experimental and theoretical variation of Ry

and H with K ,for sink-flow turbulent boundary Iayers. The Reynol ds- nunber data
of Ref.12 lie rather below the prediction obtained with equation (5). As remarked
above, this discrepancy is attributable to the slight three-dimensionality of the
flow The shape factor, as would be expeoted, is in better agreenent.

Generally, the chosen A+s £L } function displays the desired approach
of the turbulent boundary-layer solutions to the laminar solution of Pcohlhausen
(Ref.17) as the K is increassed, and woul d suggest that the assunption of a constent
cp was not far renmoved fromthe truth.

2.1.4 A+ in non-simlar boundary |ayers

Following the remarks in Section 24141, the variations of A" with respect
to x in non-simlar boundary layers is determned from the equation:

+
_th:__ = ¢ (A+3 - A+) sre (6)

wher e/
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wher e Afs i's here the similar value of A+ corresponding to the local value
of L; it is deternined by equation (5). The constant ¢ has to be determ ned
enpirically and a provisional recomrendation is nmade in Section 3,

2,2 'Severe' sacoelerations

For noderate accelerations it has been assumed that the only effect Of ths
accel eration on the structure of the turbulent boundary |ayer was in the growth of
t he viscous SUb-1 ayer. Qutside of the sub-layer the mxing-length formulation for
the transfer of momentum and heat were assumed tobe virtuglly the same as for other
types of turbulent boundary layer,

Whi | e such assunptions may |ead to useful predictions for noderate
accel erations, they nmust be a very long way fromthe truth in 'severe' accelerations -
say, for X » 4078,

For such flows, a morereasonable guesswould be that the shear stress
along a streamline remained constant. This assunption neglects entirely the
effects of diffusion, dissipation and production. The inplicit assunption is that
the fluid within the boundary |ayer is accelerated so quickly that there is not time
for these terms to change the turbul ent shear stress appreciably. Launder (Refe9)
has made hot wire measurements of severely accelerated boundary layers

(Kmx & 1.5x 10-%) and has found that over the outer part of the boundary |ayer,
otet @s virtually constant along a streanine. Near the wall, the assunption is

not # good one and the current specifications Wl soen be superseded.

The above nodel has al so been incorporated into the Patankar-Spalding
programme ; comperison Of prediction with a |inmted amountof data is made in the
following sectione

2,3 The effective-Prandtl-nunber-specification

The present framework of the Patankar-Spalding prediction procedure
required t he ef f ecti ve Prandtl/Schmidt nunber, G pps L0 De specified for the

cal cul ation of dependent variables other than w, For the present, the assumptiom
used by Patankar and Spalding i s retained, By definition the effective Prandtl
number may be expressed:

Wopp = B 4 (Hopp =W
3- —0' T (7)
T of f t

where oy is the turbul ent Prandtl nunber. o is here assigned the value 0.90

throughout the boundary Iayer.

2,4 Modifications 1o the Patankar-Spalding computer programe

There mere two principal changes made to the existing version of the
Patankar-Spalding finite-difference conputer programme, Firstly, new subroutines
VEFF were written to incorporate the two-effective viscosity models di scussed above.

Secondly, since the changes in structure of a turbul ent boundary layer
under goi ng leminsrisation appeared first in the sublayer, the finite-difference

caleylations Were carried close enough to the wall for the solution to be matched
to the laminar boundary conditionss
+
u’/
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at ay + of about 1. Subroutines WALL, WE and WF2 were nodified appropriately.

Further, since finite-difference calculations we to be made in the
viscoussublayer where the curvature of the velocity and tenperature profiles were
large (with w as independent variable), the grid. spacing near the wall had to be
smal |, Al the DIMENSION statementsin the programme were thus nodified to allow
for up to 100 grid points across the boundary |ayer.

3. Conparison with Experinent

3.4 Constant turbul ent shear stress along a streanline

Figs.7 and 8 show the variations of Rg and H in two of Launder's

(Ref.9) experiments. The shape of the nozzle (shown in Fig.4) caused the
acceleration paraneter, K to rise rapidly over a length of aboat 6 inchesand
then to fall even more rapidly towards zero. The theoretical solution? compnted

by the Patankar-Spalding finite-difference procedure with the constant-?? model
are shown in these figures by a broken line.

The largest values of K are attained in the test shown in Fig.7 and it
1s these data which we should expect the constant-m model to predict nost
accurately; this, indeed, proves to be the case. ‘The measured variation of shape
factor is faithfully reproduced by the prediction; in particular, the fact that
much of the increase in shape factor occurs well downstream of the peak in the K
curve. The theoretical momentum thickness Reynol ds nunmber is |ess than the
measured ones over the region where K is greatest. The overal | agreenent,
however, is reasonably satisfactory.

For the test shown in Fig.8, in which the maxi num value of K was about
8 x i10-, the shape faotar variation is |ikew se wellpredicted. The theoretical
variation of H does not display the measured sharp decrease someway downstream
fromthe acceleration but this is entirely to be expected since the theoretical
nodel for shear stress contains no nmeans by which g laminarised boundary |ayer can
subsequent |y undergo retransition to turbulent.  The variation of Ry through the
acceleration is not predicted very accurately and this may, in part, be due to
starting the conputation at a data point where the neasured momentum thickness
woul d appear to be spuriously law.

Taking the above results as a wnoe it is concluded that the assunption
that the turbulent shear stress is constant along a streamline can lead te
reasonably accurate predictions of laminarisation in severe accelerations. And
the above conparisons with data suggest that the wvalue propcsed in Section 2,

K = 10%, is a reasonable rule of thunb to decide whether or not an acceleratiom
can be treated as severe.

3.2 The A" model

Exanpl es of the successes and shortcom ngs of the A+-quel described in
Section 2.1.4 i1s provided in Figs.9 = 11. Fig.9 shows the predictions chtained
W th the Patankar-Spalding programme of the Filetti data shown previously in Fig.2.
The enpirical constant 'e! appearing in equation (6) was chosen such that the
agreenent with the data js as good possibl e. | ndeed, two values of ¢ wer
selected: for A¥ g A%, ¢ was assigned the value of 407*;for A* > A,
¢ Wwas set equal 5.0 x'r‘[O'}lo Agreenment is impressive but the result is mnot
surprising since this set of data has been ‘taken as the basis fur choosing c.

Figs./
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Fi gs. 10 and 44 di splay conparisons between data of Filetti's Run 2
and Mretti and EKays' Run 11in which ¢ is assigned the val ues quoted above.
It is seen in Fig.10 that the predicted and neasured Stanton nunbers for Filetti's
Run 2 are again in excellent agreement. The result is not remarkable for again
the apoeleration was such that, in the accelerating region, K wes virtually uniform

i.es, the type of acceleration was simlar to that shown in Fig,9 fromwhich the
values of 0 were chosen.

In Fig.11 it is seen that the Moretti and Kays data are not well predicted

by the present model. The fundamental defect is that the model predicts a rapid rise
in Stanton number at the start of the acceleration which is not borne out by the
measur ements. As a result, even though the predicted Stanton nunber subsequently

falls rapidly, the predicted mninum value is about 80% higher than the neasured.

It was initially suspected that the predicted rise in Stanton nunber was
due to methematical inacouracies in performng the conputations which were
attributable in sane way to extending the finite-difference calculations to the
imediate vicinity of the surface. Thi s suspicionwss reinforced by the faot that
Patanmkar and Spalding, who matched the f inite-difflerence solution to wall functions
outside of the viscous region, had not predicted any rise in Stanton nunber at the
start ofan aecceleratiom, Reductions in the size of forward step and redistribution
of grid lines, however, did not |ead to any appreciable change in the predictions.
Moreover, the fact that the integral conservetion equations were closely satisfied
further inplied that a mathematically accurate solution of the partial differential
equations was being obtained - the shartcomings of the predictions was thus
attributable t 0 t he imperfections of t he model,

It was eventvally discovered that the sudden rise in Stanton number coul d be
elimnated if the local-stress, r, rather than the wall shear stress r_ was used

in the exponential termof equation (3);

that s+«

&
oy

© eve (9)

e

o = 0o+ plwlt - exp(-.JE /aN)])®

The dotted line in Fig.11 clearly shows the inproved predictions which result fram
the use of equation (9) rather than (3),

b Concl usions and Concl udi ng Remarks.

(1) I'n severe agrelerations (K > 10f"), the assunption that the turbulent
shear stress remains constant along a streamine has led to reasonably accurate
predictions of Ry and H.

(ii) For moderate accelerations, a model has been proposed which makes use of
the Prandtl m xing-length fornula for effective viscosity and the van Driest
Proposal for the variation of mixing length near the wall. However the "danping

unction AT (which van Driest chose to be a constant-equal to 26}is a variable

whose value is found fromthe sol ution of an ordinary aifferential equation
(equation(6)). In an aooelerating flow, A" mlIl. exceed itszero-pressure-gradient

value and this effectively increases the thickness of the viscous sublayer. A
consequence i S that the Stanton nunber decreases rapidly.

Comparisons/
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Conparisons with data have shown that the model nmay wel|l be capable
of providing a useful indication of the level of wall heat-transfer rates which
are likely to prevail in noderate accelerations. Further devel opment and testing
is currently in progress.

(iii) A major shortcomng of a nodel such as that described in the above
paragraph is that it is a long way renmoved fromthe essential physics of the
laminarisationprocess.  For the future, a. more reliable basis for prediction
wi || undoubtedly entail the solution of additional partial differential equations
whi ch describe the devel opnent of properties of the turbulent flow field (e.g., the
turbul ent kinetic energy, the turbulent length scale).  However, to establish and
refine such solution procedures will take a year or two yet. In the meantime, the
A’-nodel provides a neans of predicting laminarisation with a fair degree of
accuracy.
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Nomencl at ure

a function appearing in the van Driest fornula for effeetive Viscosity.
A" in asimilar boundary | ayer.

an empirical constant (equation (6)).

. . . . TW
skin friction coefficient

%pUG
val ue of normalised velocity deficit at which ¥, i's determ ned.

shape factor §,/8,.

von Karman constant (0. 40).

v dUG
acceleration parameter —= e’

UG" ax
laminarisation par ameter ch'"” .

mat chi ng function (equatiom(y))},

: . : v dp
di mensi onl ess pressure gradient ol Ix
T
U
nmoment um t hi ckness Reynolds nunber 26
v

local. mean velocity parallel to wall.

(SIS

friction velocity ('rw/p) .

local free stream velocity.

Cartesian co-ordinate normal to wall.

di mensi onl ess value of y: u_y/ve

value of y at edge of boundary layer. *

value of y for calculation of walue of mixing length for outer
part of boundary Iayer.

Cartesian co-ordinate in the mean flow direction.

di mensi onl ess val ue of x: uTx/v.

di spl acement  thickness r(‘l -u/UG) dy.
0

Gt thi Lo _1) g,
monentum deficit  thickness [UG (1 Ty dy
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di mensi onl ess val ue of Prandtl nixing length (0.09).

mol ecular  dynamic viscosity
T

effective (total) dynamc viscosity of fluid in turbulent flow —_—
(au/ay)

nol ecul ar  kinematic viscosity,
fluid density.
total (turbulent + laminar) sheer stress.

wal | shear stress.

di mensionless stream function; i ndependent cross-stream variable in
Patankar-Spaldingprocedure.
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