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The results of an experimental investigation of the turbulence characteristics of 

detached flow in a channel with a rectangular cavity are given. 

Detached turbulent flow which develops as a result of a gas or liquid flowing around a 
two-dimensional cavity has attracted the attention of many researchers, most of whom are 
presently endeavoring to devise a reliable calculation method based on a certain turbulence 
model [i, 2]. As has been noted in several papers, adoption of an acceptable turbulence model 
which would also have the highest degree of universality is complicated by the fact that the 
turbulence characteristics of flow in a cavity have not yet been sufficiently investigated, 
The aim of this article is to fill this gap to some extent, It should be noted that investiga- 
tion of turbulent flow in cavities by means of the usual hot-wire anemometer methods is dif- 
ficult, since a hot-wire anemometer produces considerable measurement errors in regions with 
intensive turbulent fluctuations and a low mean velocity (near the vortex center and the points 
of flow separation and attachment). These errors are connected with the lack of sensitivity 
of hot-wire anemometers to 180 ~ direction reversals of the instantaneous velocity vector 
that occur in these flow regions. Therefore, most attention in this paper is focused on flow 
in the mixing layer above the cavity and also in the boundary layer at the cavity bottom, 
where the instantaneous velocity vector does not reverse its direction. 

The experimental investigation was performed in a subsonic wind tunnel operating on the 
suction principle. The tunnel comprises the following basic parts: a profiled air intake 
with a filtering screen at the inlet, a test section, a honeycomb, and a centrifugal fan. 
The test section consists of a flat channel with a length of 3000 mm, a width of 380 mm, and 
a height of 140 mm. A rectangular cavity with a width of 380 mm was attached by butt-joining 
to the wider wall. The cavity length L was constant in the experiments (150 mm), while the 
depth H varied (75 and 150 mm), which corresponded to relative depth values H/L = 0.5 and 1.0. 

The flow velocity in the channel was equal to uo ~ 29 m/sec, while the degree of turbu- 
lence was ]/---~2, u 0,009 The Reynolds number, calculated with respect to the cavity length, Z/o I o ~ 
was equal to Re L~u0L/v ~2.9-]05 , A well-developed turbulent boundary layer with the thick- 
ness 5/H~0,08 formed ahead of the separation point. 

The mean velcoity u, the rms values of turbulent velocity fluctuations ~ ,  and the 
energy spectra of velocity fluctuations were measured in the experiments. On the basis of 
Taylor's hypothesis concerning turbulence transfer by the averaged motion [3], the measured 
spectra were used for determining the longitudinal integral turbulence scales /u=-~ limF(k), 

2 h40 
where F(k) is the normalized wave number spectrum, k= - ' ~  [ is the wave number, and f is 

u 
the frequency (Hz). The friction stress at the cavity bottom was found directly with respect 
to the slope of the averaged velocity profile in the viscous sub!ayer r = ~JSu/~y. 

The measurements were performed by means of a DISA-55M hot-wire anemo~:eter set, includ- 
ing a 55M01 constant-t~nperature hot-wire anemometer, a 55M25 linearizer, and a 55D31 digital 
mean-value integrating voltmeter. The rms values of velocity fluctuations were recorded by 
means of a V3-57 voltmeter~ The energy spectrum of turbulence in the frequency range 1.5- 
20,000 Hz was measured by means of a TOA-IIi spectrum analyzer, manufactured by the RFT company 
A single-filament data-unit with a sensing element consisting of gilded tungsten wire with a 
diameter of 5 ~m and a length of 3 mm was used in the experiments. The data unit was moved 
by means of a coordinate mechanism with scale divisions of 0.01 mm. In measuring the boundary 

A. N. Tupolev Kazan Aviation Institute. Translated from Inzhenerno-Fizicheskii Zhurnal, 
Vol. 48, No. 3, pp. 387-391, March, 1985. Original article submitted May 3, 1983. 

276 0022-0841/85/4803-0276509.50 �9 1985 Plenum Publishing Corporation 



0 2 :.  L,, 

U ~ o,~ qs u--o 

Fig. i. Flow parameters in the mixing 
layer above the cavity for H/L = 1.0, 
x/L = 0.5. i) U/Uo; 2) uC~F/uo; ~3) lu/L. 
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Fig. 2. Velocity profile in the mixing layer for H/L = 
1.0; I) x/L = 0.25; 2) 0.5; 3) 0.75; H/L = 0.5: 4) 
x/L = 0,25; 5) 0.5; 6) 0.75. ~ = ay/x. 

layer characteristics near a wall, a KM-8 cathetometer was used for coordinating the data unit 
with an accuracy to 0.005 mm. 

A characteristic feature of the mixing layer developing from the flow separation point 
above the cavity is its interaction with the circulation flow inside the cavity, whose velocity 
along the mixing layer first increases to a maximum and then decreases to zero in approaching 
the attachment point. Figure 1 shows the profiles of the mean velocity, the rms values of 
turbulent fluctuations, and the integral turbulence scale in the mixing layer above the central 
section of the cavity. The mean velocity at the lower boundary of the mixing layer reaches 
a value equal to 0.25-0~30 of the outer flow velocity. The turbulent fluctuation maximum 
is shifted toward the outer flow; its value is approximately equal to O.12uo. The profile 
of the integral turbulence scale is essentially nonuniform and has a characteristic maximum 
at the outer boundary of the mixing layer. According to our measurements, the integral tur- 
bulence scale within the cavity has values amounting to 0,05-0.1L. 

Similar measurements were also performed in other sections of the mixing layer. They 
have shown that the turbulence intensity along the mixing layer increases somewhat, while the 
layer thickness increases according to roughly the same law as in the ordinary mixing layer of 
free associated flows [4]. The mean expansion coefficient of the mixing layer along the cavity 
is equal to k=d6/dx~O,24 Our measurements show that the velocity profile for cavities 
with H/L = 1.0 and 0.5 varies slightly along the mixing layer and is virtually self-similar 
(Fig. 2). It is in good agreement with Gortler's theoretical relationship [5] (solid curve) 
if the effect of the initial boundary layer ahead of the separation point on mixing layer 
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Fig. 3. Velocity (a) and turbulent fluctuation (b) 
profiles in the boundary layer at the cavity bottom 
for H/L = 1,0: I) x/L = 0.25; 2) 0,5; 3) 0.75 and 
H/L = 0,5: 4) x/L = 0,25; 5) 0,5; 6) 0,75; I) u/ur = 

5 . 8 _ 2 . 6 1 1 n  gu'~ ; I I )  u _ gu.~ �9 
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development is taken into account by means of Kirk's method [6], According to this method, 
the effect of the boundary layer can be accounted for approximately by shifting the effective 
origin of the mixing layer upstream from the separation point by a length equal to 30 momentum 
loss thicknesses in the oncoming boundary layer. For comparison, this figure also shows the 
experimental data (hatched area) for the case where the separation point was used as the 
initial point of mixing layer development. 

Our experiments have shown that the boundary layer at the cavity bottom develops under 
conditions of accelerated -- retarded flow with high turbulence and is characterized by small 
values of the Reynolds number. Under our experimental conditions, the Reynolds numbers cal- 
culated with respect to the momentum loss thickness ~** and the velocity at the outer limit 
of the boundary layer at the cavity bottom u 6 were equal to Re** = 40-180. Experiments 
have shown that the investigated boundary layer is characterized by a number of specific 
features. In the first place, we note the thick, viscous sublayer with a thickness of 0.1-0.155 
and the high degree of turbulence in the outer part of the boundary layer, which reaches 
values of u/~-2/u~ = 0.2-0.3. 

Figure 3a shows the experimental velocity profiles for the boundary layer at different 
sections along the cavity bottom, with the exception of the regions near the corners (~L~0.1 
and x/L~O,9) , where secondary vortices were developing, For the sake of comparison, this 
figure also shows the velocity profile -- the linear (u/u T = yur/v) and the logarithmic (u/u T = 
A + i/• segments -- in an ordinary boundary layer on a plate. The coefficients A = 5,8 
and • in the logarithmic relationship correspond to the boundary layer at the wall 
ahead of the separation point of the outer flow. In the immediate vicinity of the wall, the 
experimental data are in satisfactory agreement with the linear segment of the velocity 
profile. As for the outer part of the investigated boundary layer, it is evident that it is 
not described by a logarithmic relationship in any of the flow regions: the accelerated 
(x/L~0.4) , the gradient-free, and the retarded (xlL~0,6) flow regions. 
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Fig. 4. Energy spectra of turbulent velocity 
fluctuations in the central section at the 
cavity bottom for H/L = 1.0: i) y/~ = 0.14; 
2) 0.75; 3) 1.5 and H/L = 0.5: 4) y/d = 0.ii; 
5) 0.75; 6) 1.5; F(k), cm; k, cm -~. 

In connection with this, it should be noted that, in numerical simulation of flow in 
a cavity and other detached flows, the boundary layer, as a rule, is approximated by a single 

logarithmic relationship of the type u_u__= A ~ ] In Uu~ [7-9]. The distribution of 
Uz ~ V 

turbulent fluctuations over the cavity bottom for the investigated range of H/L values has 
qualitatively the same character (Fig. 3b). The level of turbulent fluctuations increases 
considerably in the retarded flow region (x/L~0,6) . 

Figure 4 shows the normalized spectra of longitudinal velocity fluctuations with respect 
to wave numbers F(k), measured in the central section of the boundary-layer flow at the cavity 
bottom. The spectra were measured at three points: within the viscous sublayer, in the 
outer region, and beyond the confines of the boundary layer. One notices the presence of an 
equilibrium subregion in the wave number range k = i-i0 cm -~, which is common to all spectra, 
Considerable nonuniformity in the normalized spectrum distribution with respect to wave numbers 
F(k) is observed in the range of small wave numbers. 

NOTATION 

x, y, Cartesian coordinates; H and L, depth and length of the cavity, respectively; u, 
mean velocity component; V~] , rms value of the fluctuation component of velocity; 6, bound- 
ary layer thickness; 6**, momentum loss thickness; ~, kinematic viscosity; ~, friction stress; 
Zu, integral longitudinal turbulence scale; u~ = ~  , friction velocity; ~o-~Y , dimen- 

sionless coordinate along the mixing layer thickness; ~ = 13.5, experimental constant; Re L = 
uoL/v, and Re** = u66"*/~, Reynolds numbers. Subscripts: O, outer flow parameters; i, 
quantities at the mixing layer boundary on the cavity side; 6, quantities pertaining to the 
outer limit of the boundary layer at the wall. 
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The effect of air humidity on the accuracy of measurements by means of constant- 
temperature hot-wire anemometers is investigated, and a method for reducing the 
resulting error is described. 

The hot-wire anemometer is presently one of the most widely used instruments for turbulent 
flow measurements. There is a large number of publications on the most diverse aspects of 
hot-wire anemometer use [i]. Papers on interpretation of hot-wire anemometer measurement 
results for a wide range of medium parameters, such as the pressure, the density, the tempera- 
ture, etc. [2], are published regularly. Nevertheless, the effect of humidity on the ac- 
curacy in measuring the velocity characteristics of gaseous media by means of hot-wire anemo- 
meters has not received enough attention in the domestic literature. 

We shall consider here a "constant-temperature (resistance)" hot-wire anemometer (CTHWA) 
[3, 4], which has lately been used widely in practice, especially for measurements in air [5, 
6]. 

Neglecting the effect of the filament's thermal radiation, which is indeed proper for 
air at the usual operating temperatures in the 250-300~ range [i, 3], we write the semi- 
empirical Kramers expression for heat exchange under steady-state conditions [3] for the fila- 
ment: 

U2 _ R~ ( R , ~ -  R g) In [K~'S (%vj)o.2 _c 0.57K~ ,sT (cp~j)~ 
bRo 

(i) 

where b is the thermal coefficient of the filament resistivity if we assume that the tempera- 
ture dependence of the resistance R w is linear, i.e., Rw~ Ro[1~ b(0w--0~] , where R o is the 
filament's resistance at 0 o = 273~ 

It is evident that the values of Kf, ;~f, Cp, and of for air depend on the amount of water 
vapor in the air. Let us determine the form of these relationships and write, in the final 
analysis, expression (i) as a function of the humidity. 

The expressions for Kf and ~f are known from the kinetic theory of gases [7] (since 
our considerations pertain to virtually normal conditions, we shall henceforth consider air 
and the water vapor in it as an ideal gas): 
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