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Abstract—A two-dimensional boundary-layer program STANS is modified to incorporate a low-Reynolds
number version of the K—¢, two-equation turbulence model to simulate automatically the laminar, tran-
sitional and turbulent flow zones and also the onset of transition and to account for the influence of inlet
turbulence intensity upon the flow and heat transfer in a smooth pipe. The prediction for Reynolds number
ranging from about 1000 to 10000 is made under inlet turbulence intensity ranging from 0.1 to 8.0%.
Results show that when Re < 2068 and Re > 4809, inlet turbulence intensities have no influence upon flow
and heat transfer but when 2068 < Re < 4809, the influence is rather strong, and when the inlet turbulence
intensity is 1.0%, the predicted relation between average Nusselt number and Reynolds number is in good
agreement with the experimental correlation. In the fully developed region, flow and heat transfer are not
affected by inlet turbulence intensities, and the agreement between the results and data for the friction
coefficient is good.

INTRODUCTION

THE TRANSITIONAL flow and its convective heat trans-
fer in a smooth pipe are areas that have not been fully
investigated. Among the early experimental works on
transitional heat transfer in a smooth pipe are the
contributions by Sherwood and Petrie [1] for the effect
of Prandtl number, by Morris and Whitman [2] and
Smith [3] for the effect of heating and cooling, and by
Sherwood et al. [4] for the effect of the pipe length—
diameter ratio. The measurements of Cholette [5] give
the local and average coefficient of heat transfer for
air flow of the laminar, transition and turbulent
regions. A fairly detailed study about the effect of
high surface-to-fluid temperature ratio, and entrance
configuration and pipe length—diameter ratio, etc. has
been made by Humble ez al. [6]. However, among the
published experimental data, a great deal of confusion
exists for predicting the heat transfer coefficient in the
transitional region. One of the main reasons would be
that the transition process is very sensible for the
turbulence in the flow at the inlet of the pipe. Gen-
erally the magnitude of the critical Reynolds number
in the pipe flow is 2200, nevertheless it is observed in
experiments that if inlet turbulence can be depressed
carefully, laminar flow could be maintained to higher
Reynolds number [7]. On the contrary, if inlet tur-
bulence increases, transition will take place at a lower
Reynolds number [8]. Therefore, in order to simulate
transitional flow and heat transfer in a pipe, the effects
of inlet turbulence have to be introduced in the cal-
culation model.

In this paper, the boundary layer equation and low-
Reynolds number K— model are used to study the
effect of inlet turbulence intensities on transitional
flow and heat transfer in a smooth pipe. The algorithm

used to solve convective transport equations is the
same as in ref. [9]. A modified version of the Lam—
Bremhorst [10] low-Reynolds number turbulence
model suggested by the authors, is applied. Calculated
results indicate that, using the turbulence model men-
tioned above, the effect of inlet turbulence intensities
on transition and transitional flow can be simulated
successfully.

CONVECTIVE TRANSPORT EQUATIONS

The time-mean continuity equation for the pipe
flow is given by

0 0
= —(@rpV)=0. 1
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The time-mean momentum equation in the x-direc-
tion is given by
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The time-mean stagnation enthalpy equation is
given by
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In these equations, the x coordinate coincides with
the axis of the pipe ; r is normal to and a distance from
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NOMENCLATURE
C,, C,,C, empirical constants in turbulence Tu turbulence intensity
model U, V time-mean velocity
C; friction coefficient of fully developed u, v fluctuating velocity
region U friction velocity

C;. local friction coefficient
D pipe diameter

Juw f1.f2 empirical functions in turbulence
model

H mean total enthalpy, h+ U?/2

h mean static enthalpy

W fluctuating static enthalpy

L turbulent length scale

K, & turbulence kinetic energy and its

dissipation rate, respectively

Nu  average Nusselt number

local Nusselt number

P mean static pressure

Pr molecular Prandtl number

Pr,  turbulent Prandtl number

r distance from axis of pipe

R radius of pipe

Re Reynolds number based on the pipe
diameter

Re,, Re, turbulence Reynolds number
defined in equation (13)

t
U* non-dimensional velocity, u/U,
x, X distance in the flow direction from the

entrance of the pipe

X*  non-dimensional distance, X/(D Re Pr)
y, Y distance from the wall, R—r
Y*  non-dimensional distance from the wall
Xo location of the initial station.

Greek symbols

U molecular viscosity

e turbulence viscosity defined in equation
Y

p density

d,, 6, empirical constants in the turbulence
model.

Subscripts
1 inlet station
w wall.

the axis, and the thermodynamic quantity—-velocity
fluctuation correlations are neglected.

It is assumed that the profiles of velocity and total
enthalpy are both symmetric to the axis of the pipe,
therefore, the following boundary conditions at the
axis can be taken:

] 0H
C_o Lo 4
or 0. or 0 @)
At the pipe wall, if there is no fluid injection or
suction, according to the no-slip condition

Uw = O’ Vw =0 (x = xO)‘ (5)

Assuming the wall temperature is 7,,, the boundary
condition for the total enthalpy H at the wall is

Hw = CpTw (X > xO) (6)

where x, is the location of the initial station (to be
discussed later).

The initial station should be located in the vicinity
of the entrance of the pipe. Owing to the small thick-
ness, the annular boundary layer at initial station
could be considered to be approximate to a flat plate
boundary layer, therefore a modified Pohlhausen vel-
ocity profile [11] can be used

U . P ) 0
A 2n—2n°+n ]<l—§)+[2n—n Iz D

ylo fory<d
n={ ®

1.0 fory=éd

where y is the distance from the pipe, é the boundary
layer thickness which can be predicted like that on a
flat plate, and R the radius of the pipe.

The total enthalpy distribution at the initial station
is related linearly to the velocity profile as shown in

ref. [12]
H H, U
&=1+<Fw’l>ﬁ' ©

The turbulent-shear stress — puv and turbulent heat
flux — pvk’ in equations (2) and (3), can be related to
the mean-velocity gradient and mean-total enthalpy
gradient, respectively

- ou
—puv = p+ —

ar (10a)
— u OH
—pvh = ﬁ “a—r— (10b)
t

where Pr, is the turbulent Prandtl number, for the
pipe flow, by Hishida er al.’s data [13], it is equal
approximately to 0.9 when Y* > 30 and when
Y* < 30, and increases reaching 1.6 at Y* = 10. A
constant value of 0.9 has been taken in this paper for
simplicity. y, is the turbulent viscosity, which has been
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modelled by Lam-Bremhorst’s K—¢ two-equation
model as discussed below.

TURBULENCE MODEL

In order to simulate the transition process, it is
assumed that turbulence exists in any real laminar
flow, if turbulence increases and reaches a certain
extent, laminar flow will become turbulent. If we can
model this process by the numerical method, it is
possible to predict transition automatically.

It should be noticed that most of the commonly
used turbulence models are unsuitable for this cir-
cumstance, because the effect of viscosity has not been
considered and it is very important for transition.

In 1972, Jones and Launder [14] suggested a low-
Reynolds number K—¢ turbulence model. The main
feature of this model is that the viscosity of fluid is
taken into account, therefore it can be used in the
vicinity of the wall and would be suitable for simu-
lating transitional flow. In 1981, Lam and Bremhorst
[10] modified the model and adjusted the form of
some parameters to make it more perfect. Rodi and
Scheuerer [12] used the modified model to calculate
external boundary layer transition with some success.
In this paper the low Reynolds number K—¢ model
suggested by Lam-Bremhorst is used with some modi-
fications to simulate the transition process in the pipe
which has not been seen in published papers before.
In the model used in this paper turbulent viscosity can
be expressed as

2

W= C,,Lp7 (11

where C, is a constant and f, takes the following
form:

f.=[1—exp (—0.016Re,)]*(1 +19.5/Re) (12)

K'"Yp/p (Y<9)
Re, = {K”zép//,t > 8 (13a)
Re, = pK?/(pe). (13b)

Both X and ¢ can be calculated by the following
equations:
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in which

(16)
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is the production of turbulence kinetic energy. f; and
£, take the following form:

0.06
Ji =1+<f

H

) ; fr=1-exp(—Re)™. (17)

The empirical constants in equations (11), (14) and
(15) take the following values :

,=009; C,=14; C,=1092;

g, =10; o,=13.

(18)

The boundary conditions of equations (14) and (15)
are

on the axis
0K és
on the wall
de
K= Fol 0. (19b)

The initial profiles of turbulent kinetic energy K
and its dissipation rate ¢ play important roles in the
calculation. It is assumed that these profiles are com-
posed of two parts. The first part is similar to turbulent
flow even though these profiles are taken in the lami-
nar region. According to the classical mixing length
theory and equation (11), using the method similar to
ref. [15], the expressions for both turbulent kinetic
energy and its dissipation can be obtained

aU Y 2 1/2
K= (5) 1)(C.f)" (20a)

e=(C, )K"l (20b)
where the mixing length L is determined from the
following expressions :

L =041y,

L =0.095,

for y < 0.096/0.41
for y 2 0.096/0.41

where 0.41 is the von Karman constant.

The second part comes from the influence of inlet
turbulence intensity. It can be seen from equations
(20a) and (20b) that K and ¢ will take the value of
zero at the outer edge of the boundary layer. This is
true only in the case of no turbulence intensity in
the free stream. If we assume that inlet turbulence
intensity produces a linear profile for K and ¢ then the
initial profiles for them will take the following forms:

I? SUV
K= (E) Ko (@la)
6= (Cf) K l4emICo (21b)

where # is defined in equation (8), C, is a constant
along the pipe, K; and ¢; are turbulent kinetic energy
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FIG. 1. Relation between (f,)mir and Re.
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and its dissipation rate in the inlet flow, given, respec-
tively, by

Ki = I.S(Ul Tui)z
(C. L) KL

(222)
(22b)

&

Calculations show that if this turbulence model is
used, good results could not be obtained unless the
following problems are treated properly :

(1) The initial profile of ¢ should be set up properly.
Up to now, we know very little about the behaviour
of ¢ in the laminar zone. The constant C, in equation
(21b) is used to adjust the profile. The correlation
plotted in Fig. 1 indicates its suggested values, which
are related to the Reynolds number Re.

(2) The profile behaviour of f, should be set up.
The minimum value of f, should be limited near the
wall. Calculation results show that if £, is determined
by equation (11) near the wall, it will take too small
a value, and a large value of ¢ will be obtained, which
will prevent the transition from taking place. There-
fore, the minimum value of f, should be limited.
Chapman and Kuhn {17] give a different profile of f,
near the wall from that determined by equation (11).
In this paper, we took it as a constant that depends
upon the Reynolds number Re as shown in Fig. 2.

It is also discovered that Cy and (f,)min are both
related to inlet turbulence intensity.

0.8}
(=]
S o4l
0 ——
103 104

Re

F1G. 2. Relation between C; and Re.
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F1G. 3. Comparison of local Nusselt number profiles with
the results of Kays and Crawford.

RESULTS AND DISCUSSION

The numerical simulation of flow and heat transfer
in a pipe is made at constant pipe wall temperature.
The Reynolds number Re ranging from 1000 to
10000, and inlet turbulence intensities 7w, from 0.1 to
8.0%. The results are discussed below.

(1) Re = 10501850

It can be seen from Figs. 3 and 4, that the predicted
local Nusselt number and friction coefficient for
different inlet turbulence intensity levels are both in
good agreement with Kays and Crawford’s {18] and
Langhaar’s [19] results, respectively. This shows that
when the Reynolds number is lower than 1850, inlet
turbulence intensities do not affect significantly the
local Nusselt number and the friction coefficient. In
these cases inlet turbulent fluctuation decays along
with the motion of the fluid. Figure 5 presents cal-
culated turbulence kinetic energy profiles on eleven
sections along the pipe. From X* =0.00034 to
0.0009, turbulence kinetic energy decreases rapidly,
after that it decreases gradually and approaches zero
at about X* = 0.027. It can be seen that the decay is
moving from the wall to the centre of the pipe.

(2) Re = 2068-4490

In Fig. 6 the predicted local Nusselt number Nu, is
given for the case of a Reynolds number of 2068.
When inlet turbulence intensities vary from 0.1 to
1.0%, the flow in the pipe stays laminar. When inlet

35
x x Langhaar [19]

9‘ 30 — Prediction

Q25
20
15 | 1 " X -

[} 0.01 0.02 0.03 0.04 0.06
X+

F1G. 4. Comparison of local friction coefficient profiles with
the results of Langhaar.
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Fi1G. 5. Turbulent kinetic energy distribution at different sections along the pipe.

turbulence intensity is raised to 3.0% or higher, there
is a rapid increase in the local Nusselt number which
can be considered as an indication of transition from
laminar to turbulent flow taking place. The higher the
inlet turbulence intensity, the earlier transition occurs.
After completing the transition the local Nusselt num-
ber has nearly the same value for different inlet tur-
bulence intensities. This means that the magnitude of
inlet turbulence only affects the transition and does
not give an important influence on the fully developed
turbulent flow. This seems to be different from the
case of external flow for which free stream turbulence
has an influence upon the turbulent boundary layer
(20, 211.

When the Reynolds number is equal to 2302-4990,
similar results can be obtained, and in these cases
transition is always present even though the inlet tur-
bulence intensity takes a rather small value (0.1%).

(3) Re = 4809-9200
In Figs. 7 and 8 the predicted local Nusselt number
and local friction coefficient are given for three inlet

1 Tu=0.1%
2 Tu=1.0%
20 a Kays and Crawford [18] 3 Tu=3.0%
4 Tu=5.0%
.15 5 4 5 5Tu=80%
3
< 10
1,2
5 L
i 1 I ! ! 1 -
0 001 002 003 004 006 006 007
X+

FiG. 6. Local Nusselt number distribution of Re = 2068.

turbulence intensities with Re = 4809. It can be seen
that these curves have small differences in the tran-
sitional zone, which means that inlet turbulence inten-
sity has a rather weak effect on the flow of this case.
Similar results have been obtained at higher Reynolds
numbers, however, the difference in the transitional
zone became smaller than that given in Figs. 7 and 8.

(4) The predicted average Nusselt number for

1 Tui=1.0%
2 Tu=3.0%
3 Tus=5.0%

I ] I
40 50 80

F1G. 7. Local Nusselt number distribution of Re = 4809.

1 Tu=1.0%
2 Tu=3.0%
3 Tu=5.0%

i i
0.018 0.02

{
0.012

0 0.004

0.008
X+

FiG. 8. Local friction coefficient distribution of Re = 4809,
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F1G. 9. Comparison of average Nusselt number results with
the commonly used formula.

different Reynolds number and inlet turbulence inten-
sities are shown in Fig. 9. If Re <« 2068 Nu does not
relate to inlet turbulence intensities, and agrees with
the well-known laminar formula {22]. When 2068 <
Re < 4809, average Nusselt numbers vary with Ty,
the predicted relation between Nu and Re at Ty, =
1.0% is in good agreement with that given in ref.
[23]. When Re > 4809, Nu does not relate to inlet
turbulence intensities, and agrees with the commonly
used turbulent flow formula [24, 25].

The friction coefficient of the fully developed region
is given in Fig. 10 only for Ty = 3.0%. The inlet

turbulence intensities have a very weak influence on

the friction coeflicient in this region (see Fig. 8). The
predicted value is in good agreement with that intro-
duced in ref. [26].

In order to study the whole process of transition,
the profiles of velocity, turbulence kinetic energy and
its dissipation rate on nine sections along the pipe are
given in Figs. 11-13 at a Reynolds number of 4809
and an inlet turbulence intensity of 8.0%. The
locations of these sections are listed in Table 1.

1.8
4 Experiment [26]
- Prediction
&3
§ 11
08 i i
3 35 4

log (Re)

F16. 10. Comparison of friction coefficient of fully developed
region with the experimental data.
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Fic. 11. Velocity distribution at different sections along the

pipe.

It can be seen from Fig. 7 or Fig. 8 that sections 1
3 are located in the laminar region; sections 4 and 5
are transitional and sections 6-9 are fully developed
flow.

The velocity profiles for these sections are given in
Fig. 11. The modified Pehlhausen profile is assumed
as the initial condition in the calculation. In sections
6-9, the profiles become invariable and agree excel-
lently with the measurement for the fully developed
turbulent profile given in refs. {27, 28].

The turbulence kinetic energy of these sections is
plotted in Fig. 12. From sections 1 to 2, turbulence
kinetic energy decreases moderately, from sections 2
to 3, it still decreases in the outer part of the boundary
layer and increases in the inner part. From sections 3
to 4 and to 5 turbulence kinetic energy X increases
rapidly, which comes from the unbalance between
the production term and dissipation term in equation
(14), therefore the transition to turbulence takes place.
In this process, the set of maximum turbulence kinetic

& Laufer [27]
o Schikiknecht ot al. [28]

F1G. 12. Turbulent kinetic energy distribution at different
sections along the pipe.
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Table 1
Number
1 2 3 4 5 6 7 8 9
100X+ 0.05 0.09 0.15 0.34 0.46 0.93 1.23 1.53 1.84
X/D 1.79 3.29 5.80 12.06 16.10 32.55 43.08 53.79 64.69

energy is moving to the wall gradually. The profiles
of sections 7-9 are nearly the same. The agreement of
these profiles with the measured data given in refs.
[27, 28] is good. Tt is noticed that the site of largest
turbulence kinetic energy is located at about
Y* = 10-30. This is the value corresponding to the
outer edge of the buffer layer of turbulent flow.

In Fig. 13, the turbulent kinetic energy dissipation
rate of these sections are plotted. In the fully
developed region, agreement between prediction and
data [27] is good.

CONCLUSIONS

From the predication results given in this paper the
following conclusions can be drawn :

(1) When Re < 1850, the transition from laminar
to turbulence will not be present even if the inlet
turbulence intensity is rather large (Tw; = 8.0%).

(2) When Re <2068 and Re > 4809, inlet tur-
bulence intensities have no significant influence on
average Nusselt number in the long pipe (X/D = 60).

(3) When 2068 < Re < 4809, the average Nusselt
number of the long pipe is influenced by the inlet
turbulence intensities. The predicted results under
Tu; = 1.0% are in good agreement with the relation
introduced in ref. [23].

(4) The fully developed region does not influence
the inlet turbulence intensity and for the friction
coefficient of this region, the agreement between the

4 Laufer [27]

R

F1G. 13. Distribution of turbulent kinetic energy dissipation
at different sections along the pipe.

predicted value and experimental data introduced in
ref. [26] is good.
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SIMULATION NUMERIQUE DE L’ECOULEMENT DE TRANSITION ET DE
TRANSFERT THERMIQUE DANS UN TUBE LISSE

Résumé—Un programme STANS a couche limite bidimensionnelle est modifié pour introduire une version
K¢ 4 faible nombre de Reynolds pour simuler automatiquement les zones d’écoulement laminaire,
transitionnel et turbulent et aussi I'apparition de la transition et pour tenir compte de l'influence de
I'intensité de turbulence & I'entrée sur ’écoulement et le transfert thermique dans le tube. La prédiction
pour un nombre de Reynolds variant de 1000 4 10 000 concerne une intensité de turbulence a Uentrée allant
de 0,1 4 8,0%. Les résultats montrent que lorsque Re < 2068 et Re > 4809, les intensités de turbulence
n’ont pas d’influence sur 'écoulement et le transfert thermique; mais lorsque 2068 < Re < 4809, influence
est forte et quand Pintensité de turbulence est 1%, la relation prédite entre le nombre de Nusselt moyen
et le nombre de Reynolds s’accorde bien avec la formulation expérimentale. Dans la région pleinement
établie, I’écoulement et le transfert thermique ne sont pas affectés par les intensités de turbulence a P'entrée
et I'accord entre les résultats du calcul et les données expérimentales pour le coefficient de frottement est

bon.

NUMERISCHE SIMULATION DER STR@MUNG UND DES WARMEUBERGANGS IN
EINEM GLATTEN ROHR IM UBERGANGSBEREICH

Zusammenfassung— Ein vorhandenes Program (STANS) zur Berechnung zweidimensionaler Grenzschicht-
stromungen wird durch Einfithren eines K—¢-Zweigleichungs-Turbulenzmodells fiir kleine Reynolds-Zahlen
erweitert, Damit kann es automatisch die Strémung im laminaren, im Ubergangs- und im turbulenten
Bereich sowie das Einsetzen des UUbergangs simulieren. AuBerdem wird der Einflul der anfinglichen
Turbulenzintensitdt auf Strémung und Wirmeiibergang in einem glatten Rohr beriicksichtigt. Es werden
Berechnungen fiir Reynolds-Zahlen im Bereich von 1000 bis 10000 und fiir anfingliche Turbulenz-
intensititen von 0,1-8,0% durchgefiihrt. Es zeigt sich, daB fiir Re < 2068 und Re > 4809 die anféngliche
Turbulenzintensitat keinen EinfluB auf Strémung und Wirmeiibergang ausiibt, und daf} dieser EinfluB im
Bereich 2068 < Re < 4809 recht stark ist. Fiir den Fall einer ahfinglichen Turbulenzintensitit von 1,0%
stimmt die Abhédnpgigkeit der berechneten Nusselt-Zah!l von der Reynolds-Zahl gut mit der Korrelation
von Versuchsdaten {iberein. Im Bereich der voll ausgebildeten Strémung verschwindet der EinfluB} der
anfinglichen Turbulenzintensitit auf Stromung und Wirmeitbergang volistindig. Die Ubereinstimmung
zwischen Rechenergebnissen und vorhandenen Daten fur den Reibungsbeiwert ist in diesem Bereich gut.

YHUCITEHHOE MOJAEIUPOBAHHWE HECTALIMOHAPHOI'O TEUEHHSA U
TETUJIONIEPEHOCA B I'TAJJKOM TPVEBE

Amporamme—IIporpamma STANS mns aByMEpHOro NOTpaHHYHOTO CJIOS MOZMQHUMPYETCH [UIs yueTa
AByxnapamerpudeckoit K—& Momenu TypOyNeHTHOCTH B ciayyae HM3KuX umcen PelfHonmica ¢ uennio
aBTOMATHYECKOI'O MOJETHPOBAHAA JaMHHAPHOTO, HECTALMOHAPHOrO W TypOYNEHTHOro TeveHHH, a
TAKKe BOSHHKHOBEHMS NEPEXOJHOTO COCTOSHHA M C LEJBIO ONPEC/ICHHS BIMAHASN HHTEHCHBHOCTH Typ-
6YNEHTHOCTH Ha BXOJE HA TEYCHHE H TEILIONEPEHOC B riaakoit TpyGe. Yucia PefiHoNbIcA H3MEHAIOTCA B
auanazore o1 1000 xo 10000 npH #3MEHCHHH HMHTEHCHBHOCTH TypOynenTHOCTH Ha Bxone ot 0,1 mo
8,0%. ITonyuennbie pe3ysibTAThl MOKA3HLIBAIOT, 4TO NpH uucnax Peiisonsaca Re < 2068 u Re > 4809
HHTEHCHBHOCTh TypOYJCHTHOCTH HA BXOZAE HE OKa3piBaeT BIHMSHUS HA TCYEHHE H TEILIONEPEHOC, B TO
Bpems Kak nipu 2068 < Re < 4809 ec BausHue JOBOJBHO CyLIecTBeHHO. [IpH 3HaYeHUN HHTEHCHBHOCTH
TypOyIeHTHOCTH Ha BXoje, cocTaspuomieM 1,0%, HoAy4eHHOS COOTHOLUESHHE MEXTY CPEAHUMH YHCIAMH
Hyccensra H PeliHONBACA XOPOLIO COTJIACYETCH ¢ JKCHEPHMMCEHTANLHO YCTaHOBJICHHLIM. B nonHocTsio
pas3BHTOH 06/IaCTH TEYCHHE M TEILUIONEPEHOC HE IABHCAT OT MHTEHCHBHOCTH TYPOYJMEHTHOCTH Ha BXOZE H
pacyeTHme pe3ynabTaThl ANA KoXpHIMEHTA TPEeHHMS XOPOLIO COrJIACYIOTCH C 3KCHEPHMEHTAJbHBLIMU

JAHHBIMHA.



