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Abstract-Analysis of experimental data, obtained in the present work on the vertical structure of a 
recirculating flow formed by a backward-facing step, has allowed the development of an approximate 
calculation method for predicting velocity and temperature profiles, reattachment length and local friction 
and heat transfer coefficients. An analytical expression for heat transfer in the reattachment region is 
derived which correlates experimental heat transfer data for different types of flow with a sudden expansion. 

1. INTRODUCTION 

THE HYDRODYNAMIC and temperature fields of tur- 
bulence in a recirculating region formed by a back- 
ward-facing step have not been studied adequately 
enough for an understanding of the physical mech- 
anism of heat transfer in the wall region of this flow, 
including the reattachment point where a substantial 
enhancement of heat transfer is noted by many 
authors. Moreover, empirical relations suggested by 
different authors for predicting heat transfer at the 
point of reattachment are found to be at variance 
with the existing experimental evidence. Thus, the heat 
transfer coefficients predicted in ref. [l] by the equa- 
tion suggested in ref. [2] differ from those measured 
by 6&600%. An empirical relation suggested in ref. 
[3] leads to an error of 200% virtually within the entire 
range of Reynolds numbers investigated. Moreover, 
variations in the existing heat transfer data found in 
ref. [4] for the reattachment point make the problem 
of the prediction of heat transfer in this region as 
unsolvable within the scope of the existing integral 
theories. 

Numerous attempts to employ the K--E model of 
turbulence for predicting the above-mentioned flows 
have given satisfactory results only for flow regions 
far from the wall. Furthermore, the K--E model over- 
predicts the local heat transfer coefficients at the 
reattachment point. The incorporation of new wall 
functions has not given impressive results. 

2. EXPERIMENTAL FACILITY AND 

PROCEDURE 

The experiments were carried out in a 500 x 300 
mm subsonic wind tunnel one of the side walls of 
which was made up of two offset plates measuring 
1000 x 500 x 30 mm and forming a backward-facing 

step. The plates were maintained at a constant 
temperature. 

Mean and fluctuating parameters of the hydro- 
dynamic and temperature fields were measured by the 
hot-wire technique with the use-of the DISA-55-M 
system. A specially developed method of linearized 
hot-wire signal separation was employed. For the hot- 
wire orientation as shown in Fig. 1 (where only hot 
wire A is depicted, and wire B being omitted, not to 
clutter up the figure), equations for calculating mean 
and fluctuating velocity components can be written in 
the final form as 

where 

K,, = (sin* C#J +a2 cos* qi) ‘I* = 0.742 

K 

2 
= ,(a2-l)sinW = 1 67 

sm24+a2cos2+ ’ 

are the coefficients of hot-wire orientation; 
dA+& = 180”, c$A = 136” the inclination angles of 
wires A and B ; q* = qz + a2q,2 (a = 0.268) the effec- 
tive rate of hot-wire cooling; EA and EB the averaged 
output signals of the hot wires ; eA and eB the fluc- 
tuating output signals of the hot wires; and BA, BB the 
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NOMENCLATURE 

dimensionless constants 
static pressure coefficient, (P-P,)/puL 
step height [m] - 
mixing length, ~(~‘#‘)/(d~~dy) [m] 
Mach number 
static pressure [Pa] 
Prandtl number 
velocity vector [m s-l] 
Reynolds number 
Stanton number 
mean velocity components [m s-‘1 
fluctuating velocity components [ms-‘f 
Reynolds stress [m* sW2] 
turbulent heat flux [m K s-‘J 

-u,y Cartesian coordinates [ml. 

Greek symbols 
6 boundary layer thickness [m] 
0’ temperature fluctuation [K] 

Vl turbulent viscosity [m’s_- ‘1 
P density [kg m -‘I. 

Subscripts 

R” 
free stream 
reattachment point 

S separation point 
W wall. 

i 

FIG. 1. Orientation of the probe hot wire A. 

linearization (~nsitivity) coefficients of the hot wires 
A and B. 

For mean and fluctuating temperature measure- 
ments, an additional hot-wire probe (d = 2.5 pm) was 
employed which operated in the constant current 
regime. Its amplitud~frequency characteristic was 
adjusted automatically by a specially designed elec- 
tronic corrector [5]. 

The technique described made it possible to mea- 
sure turbulence parameters with the following maxi- 
mum errors : 

lf = 4.15-9.15%, u = 8%; J(Z) = 5.15% 

J(u’2) = 5.15%; z = 18.2%; &?’ = 30.4%. 

Heat transfer and friction characteristics were 
determined from the slope of temperature and velocity 
profiles in the boundary layer viscous region. Basic 
measurements were made in flows past steps of two 
heights: H = 30 and 5.5 mm. The contouring of the 
opposite channel wall ensured a constant flow velocity 
of 16 m s-’ (13.3 m s-‘> with Re, = 3.38x IO4 
(0.488 x IO”) and the boundary layer thickness to step 
height ratio 6,/H = 1.5 (4.73). The values in par- 
entheses correspond to the step of smaller height. 

3. EXPERIMENTAL RESULTS 

The vertical structure of the flow downstream of a 
backward-facing step was investigated in four sections 

u/u, 
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FIG. 2. Mean and fluctuating velocity components_jzn the 
section x/H = 2.5 : ;I $uzi $;$,;l: a/z& ; 4. u /nz, : 

of a recirculating region and in the region of flow 
relaxation after the point of reattachment. The effect 
of thermal boundary conditions on heat transfer was 
investigated with the heating of both the entire test 
section and a portion after the step. 

The results of measurements of the mean and fluc- 
tuating turbulence parameters are presented in Figs. 
2 and 3. The distribution of the integral flow charac- 
teristics is given in Fig. 4. 
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FIG. 3. Mean and fluctuating temperature components do7y- 
stream of the step: li7(T~~~!/(TV,--T,); 2, ,/(@ )/ 
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FIG. 4. Integral characteristics of the region studied : 1, St, = 
0.332R~s;‘-~ Pr-‘I’; 2, cr; 3, St; 4, c,,. 

The turbulent viscosity 

U’V’ 

vt =duldy 

and the mixing length 

I= JG') 

Wdy 

presented in Fig. 5, show that in the central region of 
the flow, between the separated boundary layer 
and the backward flow, there is a shear layer with 
nearly constant values of v, and I in cross-sections 
the magnitude of which increases along the flow 
proportionally with the longitudinal coordinate 
I x 0.023x. 

3.1. Flow in the vicinity of the wall 
The distributions of the mean and fluctuating 

characteristics in this zone are presented in Figs. 6 and 
7. The observed substantial difference in velocity and 
temperature distribution from the ‘wall law’, despite 
an appreciable level of longitudinal velocity and tem- 
perature fluctuations, can be attributed to a pre- 
dominantly laminar mode of flow in the boundary 
layer with relatively high external turbulence. The 
levels of the measured heat transfer and friction 
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FIG. 5. Distribution of turbulent viscosity and mixing length 

x/H = 0.5 
1.5 2.5 4.1 

I I I 1 

IO 

$ 
3 5 

k 

b!_G5 
I 

0 0 0 I 2 

log Y+ 

FIG. 6. Velocity and temperature profiles in the backward 
flow region in the wall coordinates. 

coefficients are more in line with the laminar boundary 
layer laws (Fig. 4). 

4. PREDICTION OF FLOW CHARACTERISTICS 

4.1. Velocity and temperature profiles 
The velocity field was approximated with the aid of 

the ‘Schlichting profile’ [6] 

where 

f(V) = WI-r13)+r13 

u’, is the velocity of straight flow over the boundary 
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FIG. 7. Fluctuating velocity and temperature profiles in 
the backward flow region. (a) 1, x/H = 1.5; 2, x/H = 2.5. 

(b) 1, dP/dx = 0; 2, x/H = 0.5; 3, x/H = 1.5. in the mixing zone : 1, (v,/u, H) x 10 ; 2, I/H. 
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of the stretch, and i& the velocity of the backward 
flow over the boundary of the stretch. 

The velocity field in the backward flow and in the 
separated boundary layer were approximated by the 
quadratic equations 

where xR is the length of the separation zone. 
Coefficient AZ is expressed so that the pressure dis- 

tribution on the wall could be satisfied 

AZ/t& = (301*-30.%“)/(&+ 1). 

The wall pressure coefficient is determined from the 
folIowing relation : 

5_ P-p,_ A; 
2 --x --- 2 

+ 0.0013 
0 

; 2 (10X3 -6n’),(&+ 1) 

where 

1= X/XR. 

The equation for dete~i~ng the separation zone 
length was obtained on the assumption of constant 
shear layer growth rate taking into account the cur- 
vature of the viscous flow upper boundary 

(0.0168-O.O23C)/(&+l)x~+O.13~,- 1 = 0 

where C = I - (F, lF2)‘, and F, and F2 are the cross- 
sectional areas of the channel before and after the 
step, respectively. In Table 1 the predicted separation 
zone lengths are compared with ex~rimen~l data 
obtained by other authors. 

Table 1 

Reference 
Experimental Predicted 

XR XR 

Percentage 
error 
(%I 

Present work 4.55 

I:; 6.6 5.30 
PI 54 
PI I 

PO1 7.5 
t::; 7.9742 6 

I131 6 

';; 6 6 
191 8 

6.6 
6.7 
5.45 
5.5 
7.1 
6.82 
5.58 
6.7 
6.6 
5.85 
6.3 
8.8 

1 

3 
9 
1.5 
9.9 
7.5 
20 
IO 
2.5 
5 
10 

Temperature profiles given as u@ were approximated anal- 
ogously. 

FIG. 8. Distribution of the friction factors and Stanton 
numbers in the backward flow region : I, prediction ; 2. c,; 

3, Sr. 

These were determined from approximate solution 
for a laminar boundary layer developing from the 
reattachment point. The velocity profile was approxi- 
mated by a cubic polynomial and temperature profile 
2 by a fourth-order polynomial. The solution is found 
taking into account the longitudinal pressure and tem- 
perature gradients under the conditions of the internal 
problem. The external turbulence was taken into 
account by the non-zero value of du/dqT on the outer 
edge of the laminar boundary layer on the joining of 
the velocity and temperature profiles of the boundary 
layer and the wake. 

Numerical solution of the integral equations of the 
laminar boundary layer has shown that the predicted 
local heat transfer and friction coefficients agree well 
with the experimental data obtained (Fig. 8). 

The solution gave the following expression for the 
local Stanton number at the reattachment point : 

Z’& is the wail tem~rature at the reattachment point, 
To the temperature at the outer edge of the laminar 
boundary layer at the reattachment point. 

The predicted maximum heat transfer rates at the 
reattachment point are compared with available 
experimental data in Fig. 9. Despite a certain differ- 
ence among the results, it may be noted that the 
relation suggested correlates all of the available exper- 
imental data on heat transfer after a step, including 
those obtained for pipes with a sudden expansion. 
Moreover, the heat transfer data given in Fig. 9 were 
obtained over a wide range of flow velocities (from 
flows at 10 m s-’ to those with M = 2.4). 

The relative heat transfer law at the reattachment 
point can be given in the form 

where Resj is the Reynolds number based on the Bow 
parameters at the reattachment point; z+ and U, the 
potential flow velocities at the reattachment and sep- 
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FIG. 9. Correlation of the data on heat transfer in the zone 
of flow reattachment: 1, Sti;“(Pr2’3/1.3)xR = Rei’ ; 2, ref. 
[2] ; 3, ref. [16] ; 4, refs. [14, 171; 5, present paper; 6, ref. [15] ; 

7, ref. [3] ; 8, ref. [18]. 

aration points, respectively ; and 6, the boundary layer 

thickness at the separation point. 

The above expression shows that the presence in 
the flow of the backward-facing step may lead to both 
heat transfer enhancement ($ > 1) and the formation 
of a thermal screen (@ < 1) ast the point of flow 
reattachment. 
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TRANSFERT THERMIQUE DANS LA REGION DE RECIRCULATION FORMEE PAR 
UNE MARCHE TOURNEE EN AVAL 

R~um~L’analyse de don&es exp&imentales sur la structure tourbillonnaire de l’ecoulement de recir- 
culation forme par une marche tom&e vers l’aval permet le developpement dune methode de calcul 
approche des profils de vitesse et de temperature, de la longueur de reattachement et des coefficients locaux 
de frottement et de transfert thenniques. Une expression analytique pour le transfert de chaleur dans la 
region de reattachement unifie les donnees experimentales pour differents types d’ecoulement avec un 

brusque elargissement. 

WARMEUBERGANG IM RUCKSTRbMGEBIET EINER STUFENFORMIGEN 
QUERSCHNITTSERWEITERUNG 

Zusannnenfassnng-Die experimentelle Untersuchung von Wirbelstrukturen an einer stufenformigen Quer- 
schnittserweiterung erlaubt die Entwicklung eines Naherungsverfahrens zur Beschreibung von Ge- 
schwindigkeits- und Temperaturprofilen, der Lange des Ablosegebiets, der lokalen Reibung sowie der 
Wiinneiibergangskoeliizienten. Ftir den Warmeilbergang im Wiederanlegebereich der Stromung wurde 
ein analytischer Ansatz gefunden, der aufgrund einer Korrelation von Versuchsergebnissen fur verschie- 

dene Strdmungsarten an einer Querschnittserweiterung gewonnen wurde. 
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TEWIOOEMEH B PEIJHPKYJUIIJHOHHOR OEJIACTH TEgEHkiR 3A YCTYfIOM 

~IIOT~IW--AH~JIH~ IlOJIyWJiHbIX 3KClIepHhteHTaJlbHbIX AaHHbIX II0 BHXpeBOfi Clpy~~ype B PCIUipKyJIK- 

IlHOHHOi? o6nacTH TeYeHHR 38 o6paTHbw ycryno~ IIO~BO~HJI C03AaTb npU6JIUreHHbIfi M~TOA paCqi?Ta 

npo@inefi c~opoc~u u Terdneparypm, NHH~I yqacTra npsicoeiwHeHHn u noxa.nbHblx K03@@iuieHT08 

T~HE~K H TennooTnaw. BbMvteHo aHanHTwrecxoe wpancewie nnn TeIIJIOO6MeHa B 30He noBTopaor0 

npHcoenuHeHun, XoTopoe o6o6waeT 3xcnepHMeHTanbHbIe AaHHble no TennooTAave, nonyqeaeMe am 
PZiJIH’lHbIX TBIIOB BHC3NlHO paCIlIHpKlOl4HXCK IIOTOKOB. 


