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Turbulent  heat transfer characteristics in swirl ing flows downst ream of  an abrupt  pipe 

expansion with a diameter  ratio o f  0 .5  are predicted by full Reynolds  stress model.  The', uniform 

heat flux condi t ion  is imposed on the downst ream wall. The flows with weak and strong swirls 

as well as without  swirl are computed.  The  governing differential equat ions are discretized by 

finite vo lume method. Results show that the Reynolds  stress model predicts accurately the 

maximum local Nusselt number  for the case with strong swirl, but thai the effects of  swirl are 

not fully accounted for the case with weak swirl. 

Key Words: Turbulent  Heat Transfer, Swirl ing Flow. Abrupt  Pipe Expansion,  Reynolds  

Stress Model,  Fini te  Volume Method 
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: C o n s t a n t  pressure specific heat, J~ 

kg.~ 
: Diameter  of  a large pipe 

: T u r b u l e n t  kinetic energy or  thermal 

conduct ivi ty  

: Nusselt n u m b e r ( = q " D / k (  T,~,- Tb)) 
Pressure f luctuation 

: Mean pressure or product ion rate of  k 

: Prandtl  number  

: Wall heat flux, ] / m 2 . s  

: Radius of  a large pipe 

: Reynolds number  

: Swirl number 

: Mean temperature 

: Bulk temperature 

: Mean velocities in x, r and 8 direc- 

tions, respectively 

: Reynolds  stress 

: Turbulent  thermal  flux 

: Axial  and radial  coordinates,  respec- 

tively 

: Thermal  diffusivity, mZ/s 
Z Kronecker  delta 
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: Dissipation rate of  k 

: Tempera ture  fluctuation 

: D y n a m i c  and kinematic viscosities, 

respectively 

: F lu id  density, K g / m  a 

- Shear stress 

Subscripts 
n : Direct ion normal  to a wall 

p : Value at the node adjacent to a wall 

w " Wall  value 

1. Introduction 

Swirl ing turbulent flow downst ream of  an 

abrupt  pipe expansion has a very complex flow 

structure such that recirculation of  the flow due to 

the separat ion is superposed on the swirl. Both 

swirl and recirculat ion enhance the heat transfer 

coefficient several times greater than that for the 

fully developed turbulent  pipe flow at the same 

Reynolds  number, which is mainly attr ibuted to 

the increase in turbulent  kinetic energy due to the 

large curvature of  streamlines. For  this reason, 

appl icat ions of  this flow to the heat exchangers or 

to the combust ion  chambers  are effective to 

enhance the heat and mass transfers. 

One of  the interesting features of  the strongly 
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swirling flow is the formation of recirculation 

zone near the central axis. Decay of tangential 

velocity components results in an increase in 

static pressure near the axis. And, the consequent 

adverse pressure gradient on the central axis may 

drive the recirculation when the swirl number is 

sufficiently high. The other important phenomena 

found in experiments on swriling flow is the 

existence of an unsteady asymmetry, which 

depends on flow geometry and swirl number. 

Flowfield downstream of a sudden expansion 

consists of a free shear layer, a recirculation zone 

due to the separation, a reattachment zone, and a 

redevelopment zone. In the free shear layer, high 

level of turbulent kinetic energy is generated by 

shearing as the jet issues into the larger pipe. The 

turbulent kinetic energy generated in this shear 

layer dissipates relatively slowly since the dissipa- 

tion rates are relatively low in this layer away 

from the wall. The high level of turbulent kinetic 

energy increases the turbulent diffusion, reduces 

the thickness of the viscous sublayer, and thus 

increases the heat transfer rate at the wall. 

When the swirl is imposed on the flow through 

a sudden expansion, turbulent kinetic energy 

increases by the effects of streamline curvature, 

and the length of the wall-bounded recirculation 

zone decreases by the effects of centrifugal force. 

In addition, swirl may cause the recirculation 

around the axis and unsteady asymmetries 

mentioned above. 

The effects of the swirl and separation due to 

the sudden enlargement of the flow in a pipe 

usually have been studied individually so far. 

And, the investigations on swirling flow through 

a sudden expansion have been limited by the 

complexity of the flow. 

gilley and his collegues reported a series of 

experimental work (Jackson and Lilley, 1983; 

Rhode, et al., 1983; Yoon and Lilley, 1984) on 

this flow. However, on the heat transfer character- 

istics, we could find only the work of Dellenback 

et al. (1987). They reported the measurements on 

velocity and heat transfer characteristics of this 

Row with 2 :1  expansion and uniform wall heat 

flux boundary condition. In this experiment, swirl 

number was varied from zero to 1.2, and the 

Reynolds number fiom 30,000 to 100,000. And, 

they found that the maximum Nusselt number has 

the values from 3 to 9.5 times larger than those for 

the fully developed pipe flow, and that location of 

the maximum heat transfer occures upstream of 

the flow reattachment point. The unsteady asym- 

metry was found only at the lowest nonzero swirl 

number. 

There have been several computational investi- 

gations (Prud'homme and Elghobashi, 1986; Kim 

and Lee, 1994) on the heat transfer for the flow 

through a sudden expansion. Among these, Kim 

and Lee (1994) reported the computational 

results with a second-order turbulence closure, 

which are much better than those with k - e  

model in the predictions of velocity and tempera- 

ture fields as well as the heat transfer coefficients. 

For this flow with swirl, Habib and McEligot 

(1982) calculated the heat transfer rates with a 

conventional k e model, which were not validat- 

ed by any reliable experimental data. Sultanian 

(1984) reported on the calculations with alge- 

braic stress model which is a simplified version of 

second-order closure. They did not, however, 

include the heat transfer calculations. 

In the present work, numerical predictions with 

a second-order turbulence closure have been 

obtained for the convective heat transfer in the 

swirling turbulent flow downstream of a sudden 

expansion in a pipe. The results on the mean flow 

and heat transfer characteristics are discussed in 

comparison with experimental data of Dellenback 

(1986). 

2. Turbulence Closures  

Since the unsteady asymmetry does not occur in 

strongly swirling flows, we have assumed that the 

flows are steady and axisymmetric. The Reynolds 

-averaged Navier-Stokes equations and the 

energy equation for the steady, incompressible, 

axisymmetric, turbulent flow are written in cylin- 

drical coordinates as follows. 

3U v 3 U  8 F 8 U  __ ~7 ~,u & + p ar - ax [~' & - -  pu j 

+~ aF / a U  )] a P  
r a r L r ~ , ~ a r  - ~  3x (1) 
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Reynolds stress model as a second-order clo- 

sure solves the transport equations for the 

Reynolds stresses and the turbulent thermal 

fluxes. The transport equation for the Reynolds 

stress tensor can be written as 

3 (U,<u~zt) D i j + P , v + ~ i ,  ei (5) 
O ~ X h  �9 . . 

where, 

D i j  = - -  ~ 7  ( +'[i~[j~lh ) 

PO" =" - -  I Hdbtl~ ~ . . . .  - -  H i H k  --~----I 
k o 'Xk  a X k  J 

(/) ,-  b [ & / , .  au, 1 
" -  7L-~)~v] a.rTa 

e .  =gvaU~ @J 
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For the turbulent diffusion term, D,> Daly and 

Harlow's simple gradient diffusion model(1970) 

is used in this work. 

a r k . . . . .  a u m ~  1 
/ ) i J=  ~ -/C,s-- ZCkZ/z - -/ (6) UXI~ k E OXt J 

By the assumption of local isotropy of the 

smallest eddies, following isotropic model for the 

dissipation rate, &j, is employed. 

2 
s o = ~ .  e3,j (7) 

The pressure-strain rate interaction term, 69 u, 

reflects the re turn- to- isotropy characteristics of 

turbulent motion. The Poisson equation for the 

pressure fluctuation indicates that there are two 

different kinds of interactions: one by turbulent 

motion (~u,1) and the other by mean motion 

(O,.j.2), and also that there is an effect of solid 

wall boundary (g)o,,~'). 

~ O i j =  ~,:i,1-~- ~ i d , 2 - -  ~Li ,u . '  ( 8 )  

For  the interaction term by turbulence, following 

Rotta's proposal (1951) is widely used in second 

-order  closures. 

#. - -  2 
~o,, = -- cl ]e (u , .u j - -  ~ 8 / j k  ) (9) 

As a model for the interaction term by mean 

motion, the simplified version of the model 

proposed by Launder et al. (1975) is empolyed in 

this work. 

~,:,,2 = -  c ~ ( P ~ - ~  ov,:jP) (10) 

where p is a production rate of  turbulent kinetic 

energy. As proposed by Gibson and Launder 

(1978), the following model is adopted for wall 

reflection term. 

, s  --.z 3 . . . . .  
r = c~ 77( u,, ~',~ - - g  u.u,. &~ 
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, 3 
+ ,:"2( ~b,,,,,2 8,:,.- ~ r 

3 ,,, 
- =2 ~.,,~o,.)f 

where 

(11) 

f is a wall damping function defined by 

,314 3/2 
f ::=-c-'*/~ks ( R -  r)  e (12) 

X 

The equation for the dissipation rate of turbulent 

kinetic energy used in this work is the same as 

that proposed by Launder et al. (1975) as fol- 

lows. 

r)e__ a [ k .... & ]  e 

~.2 

- c~  7 -  (13) 

Transport equation for the thermal flux can be 

written by 

a U~ }L.0) = D~o + t;.0 + ~,., - s,o (14) a57 ( 
where, 

O . . . . . . . .  
Die = - $.V- (zt,u~,O) 

(]##* 
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Daly and Harlow's gradient model (1970) is 

adopted for the turbulent diffusion term, Dfo, as 

follows. 

~ o = ~ l  Co-- U k u z - - ~ l  (15) 
oxk k S r J 

START ) 

I NmALIZATI ON 
(VELOCITIES, REYNOLDS STRESS, ETC.) 

_ ~ :  

SOLVE MOMENTUM & PRESSURE- 1 
CORRECTION EQUATIOP~S ] 

SOLVE EQUATION FOR g 

SOLVE ENGERGY EQUATION 

SOLVE EQUTATION FOR (RW) 

SOLVE EQUATIONS FOR ~ v~ 

SOLVE EQUATIONS FOR 1.0. vo ] 

t SOLVEEOOA;O. FOR f 

( - - -  STOP _ )  

Fig. 1 Flow chart of computational procedure 
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Table 1 Model constant 

(:': 

1.8 

Cc 

0.18 

C2 

0.6 

Co 

0.11 

c~ 

0.5 

CF~ 

0.09 

O. 3 

C f 

9.24 

C e l  

1.44 

X 

0.4187 

C~2 

1.92 

E 

9.723 

(!10 C2 0 

3.0 0.5 

Pr Prt 
I 

5.12 i 0.9 

Cs 

0.22 

As for the dissipation term, &0, it is assumed 

that turbulence is isotropic in high-Reynolds 

-number  flows, and consequently it is zero 

because there is no isotropic first-order tensor. 

To the pressure-scrambling term, r lhere are 

three different contributions, which are due to 

turbulent motion (~,oa), mean motion ((1)io,2), 
and wall reflection (0,-0,~,). 

~,o-- ~io,1 + ~io.2 + ~,'o.~ (16) 

As a model for r Monin's popular model 

(1965) is adopted in this work as follows. 

0io,1 = - clo~ uiO (17) 

, , F y ,  (c, i  k , )  :" 
Up c/fk~ = 1  in [ 1 (19) 

7 ~ -  T p  ' ' Pr, 
pc,c2 k~ = 

I 1 
Pyp (cgkp)'- q 

In 7 J § Pf (20) 

where Ps is obtained from the following equation 

(Habib and McEligot, 1982). 

/~_ / P r  ~ V Pr ,  \~ 

The model constants used in this work are 

listed in Table l. 

The destruction of production model (Launder, 

1976) which is used for O~0,2 is written as 

Oio.,~ = c2o-u-,~O 3U, 3xh (18) 

The effects of wall reflection are assumed to be 

small unlike the case in stress equation. Thus, the 

corresponding term is neglected in this work. 

The governing equations are discretized by 

finite volume method with power-law scheme. 

And, the solution procedure is based on SIMPLE 

algorithm (Patankar, 1980). The flowchart of 

computational procedure is shown in Fig. 1. 

At the inlet to the computational domain, 

which coincides with the plane of expansion, 

axial and tangential components of velocity and 

turbulent normal stresses are given by the experi- 

mental data (Dellenback, 1986). And, the dissipa- 

k~ 
tion rates are assumed as e - c ,  0 .01D.  Turbu- 

lent shear stresses at the inlet are computed from 

the constitutive relations using k - - c  model. 

At the exit, streamwise gradients of all vari- 

ables are neglected. The wall functions adopted in 

the near wall region are as follows. 

3. R e s u l t s  and D i s c u s s i o n  

In this work, the flows through an sudden 

expansion in a circular pipe with and without 

swirl are numerically analyzed to obtain the 

characteristics of convective heat transfer. The 

results with Reynolds stress model are compared 

with the experimental data of Dellenback (1986), 

which were obtained under uniform wall heat 

flux condition. 

The swirl number which measure,,; the relative 

strength of the swirl is defined as follows, 

f gr'e UWdr 

S R f  rUZdr (22) 

where R is a radius of the pipe. The flows are 

calculated at two swirl numbers, 0.17 and 0.74. 

The latter corresponds to the strong swirl which 

causes the recirculation around the axis as shown 

in the experiment of Dellenback (1986). Rey- 

nolds number in upstream tube is commonly 100, 

000. And, the diameter ratio of the expansion is 0. 

5. 

The length of computatonal domain obtained 
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from preliminary test is 30D where D is a diame- 

ter of the downstream tube. Hogg and Leschziner 

(1989) as well as Jones and Pascau (1989) have 

specified axial velocity profile as an exit bound- 

ary condition, to stabilize the numerical solutions. 

However, in these calculations, we could obtain 

the converged solutions with Neumann condi- 

tions which neglect the axial gradients at the exit. 

From the grid-dependency test, the grid of 52 • 48 

shown in Fig. 2 is employed. 

The results for the flowfield as well as those of 

preliminary tests are reported by Kim and Chang 

(1996) in detail. In this report, the computational 

results of mean velocity and turbulent stresses 

without swirl show relatively good agreements 

with experimental data. However, in the predic- 

tion of axial velocity, the results of the strongly 

swirling flow ( S - 0 . 7 4 )  show large discrepancies 

i 

Fig .  2 

!, 

Grid system (inlet part) 

in the wall bounded recirculation zone, but ex- 

hibiting good agreements downstream. In the case 

of a tangential velocity profile, the discrepancies 

are not so severe as in the axial velocity profile. 

However, compared with experimental data, the 

results show that the tangential velocity decays 

rapidly near the wall, but, slowly near the axis. 

The Reynolds stress model gives generally good 

results for the turbulence intensities. The results 

just downstream of the expansion are better than 

those without swirl. 

Figure 3 shows the computational results for 

the streamlines in three different flowfields with 

and without swirl. In the case with no swirl, we 

can find a relatively large recirculation zone, and 

also the secondary vortex in the corner of the 

expansion. When swirl is imposed on the flow, 

the secondary vortex disappears, and the wall 

bounded recirculation zone shrinks smaller as 

swirl number increases. In the case of a strong 

swirl (S 0.74), a large on axis recirculation 

zone is found, and thus the streamline pattern is 

much different from that with weak swirl (S~O. 

17). 

Contours of constant turbulent kinetic energy 

based on the computational results are shown in 

Fig. 4. When a weak swirl is introduced in the 

(a) No swirl 

(b) S 0.17 

(c) S=0.74 

Fig. 3 Streamlines ( Re=100,000) 
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Fig. 4 Turbulent kinetic energy contours(Re= 100,000) 

flow, the swirl enhances the diffusion in radial 

direction. However, the on-axis recirculation in- 

duced by the strong swirl changes the entire 

structure of the turbulence field with large pro- 

duction of turbulent kinetic energy near the axis. 

For the flow without swirl, wall temperature 

distributions and local Nusselt numbers normal- 

ized by an effective Nusselt number for the fully 

developed pipe flow, are compared in Figs. 5 and 

6, respectively. The fully developed Nusseli num- 

bers used for the normalization were obtained by 

Ditlus-Boelter correlation for computational 

results and by Sieder-Tate correlation ['or experi- 

mental data. Thus, this can present problems for 

comparison of the results, if the experimental data 

had been normalized using the Dittus-Boelter 

relation rather than the Sieder-Tate correlation, 

then peak values of Nu/Nusa  would have been 

8% larger than the value shown in the figure as 

mentioned by Dellenback (1986). However, such 

amount of difference dose not seem to affect the 

qualitative comparisions of the present results. In 

Figs. 5 and 6, large discrepancies are found 

between computational results and experimental 

data. The bendings of computational profile near 

the inlet are caused by the secondary vortex. The 

maximum heat transfer rate is underestimated in 

a o  , . , 

.Tw- T~n tl.,-- - ---- ~ [ 
Tout Tin / / ~  

f , - /  �9 

_v. ; . - "  
"~o . . . .  - -  " C . . . . . . . . .  

�9 Expe-imenl 
I 
5 10 ~ 20 

• 

Fig. 5 Wall temperature distributions(no swirl 
case) 

Fig. 6 

f " - . ' . <  

. . . . . . . . .  Computation ~ ' ~  ~ - ~  

�9 Exporimant 

5 ~0 15 
~4D 

Local Nusselt number distributions(no swirl 
case) 

this calculation. And, the location of this maxi- 

mum heat transfer rate is shifted to the inlet by 

about one and a half x/D by the computation. 

In the case with weak swirl (Figs. 7 and 8), the 

discrepancy in maximum heat transfer rate 

becomes larger. The experimental data indicate 



572 Kwang-Yong Kim and Yoon Seok Chang 
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10 
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Wall temperature distributions (S =0.17) 
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1o 

~09 
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•  

Fig. 9 Wall temperature distributions(S=0.74) 

Nu/Nu,~ 51 

Fig. 8 

�9 ~ 1 7 6  - -  Computation 
Q O o  o �9 Experiment 

. . . .  i . . . . . .  i , , , 

io 15 
X/D 

Local Nusselt number distributions 
(s=o.171 

that the heat transfer rates in the wall bounded 

recirculation zone are enhanced largely by the 

effects of the swirl, The computed heat transfer 

rates however, do not show the full effects of the 

swirl. On the other hand, in the case of a strong 

swirl shown in Figs. 9 and 10, the results are 

much different. The Reynolds stress model pre- 

dicts the maximum heat transfer rate almost same 

as the empirical measurement. The computed 

Nusselt numbers show better agreements with 

experimental data downstream of x / D = l O  in 

both weak and strong swirl cases than those 

without swirl. And, predictions for the location of 

maximum Nusselt number are also relatively 

accurate in these cases of swirl. 

According to the experimental data, the maxi- 

mum Nusselt number increases consistently in 

magnitude and move upstream with increasing 

swirl number. This upstream migration results 

from the shortening of the reattechment length, 

which causes shear rates and hence production of 

turbulent kinetic energy to increase with conse- 

quently higher heat transfer rates. 

As discussed by Launder (1984), the use of 

conventional wall function usually results in the 

predictions of lower maximum Nusselt number 

than the experimental data. Thus, he recommends 

Nu/N% 7 

�9 - -  Computation 

/ ~ _ _ _ ~ � 9  �9 �9 Experiment 

•  

Fig. 10 Local Nusselt number distributions (S 0.74) 

to use the low-Reynolds-number version of tur- 

bulence closure in the predictions of convective 

heat transfer, However, the present results for the 

strongly swirling flow are not consistent with the 

above mentioned general trend. This seems to be 

concerned with the formation of an on-axis recir- 

culation zone, and also with the fact that the 

Reynolds stress model does not take account for 

the full effects of weak streamline curvature. In 

the computation, the large production of turbu- 

lent kinetic energy due to the strong effects of 

streamline curvature in the on-axis recirculation 

zone enhances the maximum heat transfer rate up 

to the measurement. 

4. C o n c l u s i o n  

The Reynolds stress turbulence closure used in 

this work to predict the heat transfer in the flows 

with and without swirl downstream of an abrupt 

pipe expansion, regenerates the characteristics of 

the flows, such as secondary corner vortex in non 

swirl case, and on-axis recirculation zone ex- 

tended far downstream in the case with strong 

swirl. However, the results compared with experi- 

mental data indicate that the effects of swirl on 

heat transfer rate are not fully accounted for the 
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case with weak swirl, but also indicate that the 

strong swirl causing the on-axis  recirculation 

increases the maximum heat transfer rate in wall 

bounded recirculation zone up to the valve almost 

same as the experimental measurement, which can 

be considered as an overestimation taking into 

account that the logarithmic wall function gener- 

ally underestimates the heat transfer rate. 
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