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Measurements of both the velocity and the temperature field have been made 
in the thermal layer that grows inside a turbulent boundary layer which is 
subjected to a small step change in surface heat flux. Upstream of the step, the 
wall heat flux is zero and the velocity boundary layer is nearly self-preserving. 
The thermal-layer measurements are discussed in the context of a self-preserving 
analysis for the temperature disturbance which grows underneath a thick 
external turbulent boundary layer. A logarithmic mean temperature profile is 
established downstream of the step but the budget for the mean-square tempera- 
ture fluctuations shows that, in the inner region of the thermal layer, the produc- 
tion and dissipationof temperature fluctuations are not quite equal at  the furthest 
downstream measurement station. The measurements for both the mean and the 
fluctuating temperature field indicate that the relaxation distance for the thermal 
layer is quite large, of the order of 10008,, where 0, is the momentum thickness 
of the boundary layer at the step. Statistics of the thermal-layer interface and 
conditionally sampled measurements with respect to this interface are presented, 
Measurements of the temperature intermittency factor indicate that the inter- 
face is normally distributed with respect to its mean position. Near the step, the 
passive heat contaminant acts as an effective marker of the organized turbulence 
structure that has been observed in the wall region of a boundary layer. Ac- 
cordingly, conditional averages of Reynolds stresses and heat fluxes measured 
in the heated part of the flow are considerably larger than the conventional aver- 
ages when the temperature intermittency factor is small. 

1. Introduction 
The response of a turbulent boundary layer to a step change in surface con- 

ditions has received special attention both experimentally and theoretically, 
mainly because of its relevance to the atmospheric situa,tion. Townsend (1965a, b) 
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considered the cases of a step change in surface roughness, a step change in 
surface heat flux or a combination of both. His assumption that the perturbation 
to the flow field caused by the change in boundary conditions is self-preserving in 
nature leads to a description of flow parameters such as the growth rate of the 
perturbed region or ‘internal’ layer and the surface shear stress and/or heat flux 
that is in reasonable agreement with the available atmospheric measurements. 

Although a step change in surface roughness has been investigated experi- 
mentally in the laboratory in detail by several workers (for references see Antonia 
& Luxton 1971), few systematic investigations of a step in surface heat flux or 
surface temperature have appeared in the literature. Johnson (1957,1959), Blom 
(1970) and Fulachier (1972) have all considered a step in surface temperature, 
although Fulachier’s investigation was mainly concerned with a detailed study 
of the turbulence structure when the velocity and thermal layers have effectively 
the same origin. Interesting features of the above investigations are the observed 
temperature intermittency (Johnson) of the internal layer and relatively slow 
adjustment of temperature fluctuation intensity and enthalpy flux, mainly 
evident in Fulachier’s measurements. Blom (1970) found that, for the developing 
layer, the turbulent Prandtl number Pr, varied both across the layer and in the 
streamwise direction except in the near vicinity of the wall, where the increase in 
Pr, with increasing distance from the wall was the same a t  all streamwise stations. 

In  this paper, we examine the development of a thermal layer downstream 
of a step change in surface heat flux and present measurements of several 
characteristics of the sharp thermal-layer interface. At the step, the zero- 
pressure-gradient turbulent boundary layer is fully developed. Results for the 
mean and fluctuating temperature fields are presented in $34 and 5 and are, 
whenever possible, compared with the results for a fully developed layer of 
Fulachier. The measured growth of the thermal layer is compared in $4 with 
the predicted variation obtained from Townsend’s (1  965a) self-preservation 
analysis, which is reviewed briefly in $ 3. The passive temperature contaminant 
provides a simple means of studying the thermal interface, and in Q 6 use is made 
of the conditional sampling technique to obtain conditional averages of both 
temperature and velocity fluctuations both within and outside this interface. 

2. Experimental arrangement and conditions 
The contraction and working section of the wind tunnel used for the present 

investigation are the same as those described by Swenson (1973). The present 
wind tunnel has, however, a new centrifugal blower with a blower speed of about 
2500r.p.m. driven by a 8.4kW Siemens motor with a Siemens thyristor speed 
controller; this allows a maximum speed in the working section of about 37 m s-1. 
A new diffuser, built in two sections, and a settling chamber have also been 
provided. The working section is 38 cm wide and 23 cm high a t  the end of the 
contraction, the height of the roof being adjusted to achieve a zero pressure 
gradient for the present experimental conditions. The length of the working 
section is 4.9 m and the first 2 m of the floor consists of a Sindanyo hard asbestos 
board with an epoxy coating sanded to a smooth flat surface. The remainder 
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FIGURE 1. Schematic diagram of experimental situation. 

of the floor consists of a heated plate, designed by Swenson (1973) and described 
in detail in his thesis. This heated section is made up of five identical plates each 
61 em long. Each plate has a Sindanyo base and four spanwise strips of Inconel 
(0-046 x 15.24 x 38.1 cm) bonded to this base with epoxy resin. The strips are 
electrically insulated from each other by epoxy-filled gaps ( - 0.038 cm wide) 
and the sides of the plates overhang the asbestos base and are soft-soldered to 
brass bus-bars. In  the present work, the first four plates (i.e. 16 Inconel strips) 
were all connected in series to provide a reasonably constant distribution of wall 
heat flux over the 2-4m heated section (the last plate was not heated). A.c. 
heating was used (60 A, 60 V) and it was found that only about 30 min of tunnel 
running time were needed to achieve steady-state heating conditions. The heated 
floor section was fitted with copper-constantan thermocouples consisting of 
wires of two sizes: those leading into the plate were 0.010 cm in diameter, were 
silver soldered at the hot junction and were jointed to thicker wire (0.030cm 
diameter) at  about 15 em from the plate. The hot junctions were soft soldered into 
the plate whilst the cold junctions were kept at  the ambient temperature of the 
laboratory in which the tunnel was situated. The laboratory was air conditioned 
and the ambient air temperature was maintained to within 1 yo of the selected 
temperature ( - 26 "C for the present experiments). The thermocouples are 
situated at  a number of stations in both the streamwise and the spanwise direc- 
tion. The thermocouple e.m.f. was measured with a Cambridge portable potentio- 
meter 44226 to a resolution of less than IOpV. 

The nominal free-stream velocity U, was 9.45 m s-l and the boundary-layer 
thickness So (defined as the 0-995u. point) a t  the upstream edge of the heated 
section was 4.5 cm. The Reynolds number at that position was R,@ N 3070, where 
Re, = UlBO/v, 0,being the momentum thickness at x = 0 (figure 1). 

Velocity (u horizontal, and v vertical) and temperature (0) fluctuations were 
measured with a three-wire probe made up of a miniature DISA X-probe and 
a single wire sensitive only to 8. The X-probe consisted of platinum-coated 
tungsten wires 5pm in diameter operated by two channels of DISA 55M01 
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constant-temperature anemometers. The 1 pm diameter platinum single ' cold ' 
wire was operated by a constant-current anemometer (Stellema, Antonia & 
Prabhu 1975), with the value of the current set a t  100pA. All three wires were 
approximately 1 mm in length and the cold wire was mounted to one side of the 
X-probe ina direction normal to the wall and parallel to the plane of theX-probe.? 
The sensitivity coefficients of the X-wire were determined from a speed and yaw 
calibration in the isothermal external stream and from an assumed heat balance 
equation for the X-wire as given in Antonia, Prabhu & Stephenson (1975). The 
temperature contamination of the X-wire signals was removed by processing 
them on an EAI-180 analog computer (for details, see Antonia et al. 1975). 
Signals directly proportional to u, v and 8 were then recorded on a Philips Analog 
7 FM tape recorder at a speed of 38.1 cm s-l. Records on tape were typically of 
duration 70-90s. Root-mean-square values of u, v and 8 were obtained by using 
either DISA 55D-35 r.m.s. meters or multipliers for squaring the signals and 
subsequently averaging the outputs on either a P.A.R. boxcar integrator, model 
CM7-l, or a DISA true integrator, type 52B30. 

The mean temperature profile in the thermal layer was obtained with a single 
(1 pm diameter) platinum cold wire arranged parallel to  the wall and perpen- 
dicular to  the flow direction. The temperature coefficient of resistivity of the 
platinum wire was found to be 0.0034 "(2-1 ( 3 yo) by calibrating the wire against 
a copper-constantan thermocouple in the potential core of a jet (7.2 cm diameter 
nozzle) heated over a temperaturf range of about 20°C above ambient room 
temperature. For measurements .n the boundary layer, the d.c. output from the 
anemometer bridge was first adjusted to  zero when the wire was in the tunnel 
free st,ream (ambient temperature TI) so that the d.c. output when the wire was 
inside the thermal layer was directly proportional to the temperature difference 
T - Tl. For the wire used, the voltage/temperature sensitivity was 3.74 V/"C. 

3. Self-preservation considerations 
Before discussing the experimental results in det'ail, i t  is useful to consider the 

possibility of self-preserving development of the thermal layer which grows 
downst.ream of the step (figure 1). Here the thermometric wall heat flux Q, is 
sufficiently small that  the effect of density variations on the motion can be 
neglected. Following Townsend (1 965), the mean temperature perturbation is 
assumed to be self-preserving, i.e. 

Here the temperature scale 0, and the length scale I ,  (representing the extent of 
the thermal layer) are assumed to  depend on 2 only and the change in the mean 
temperature caused by a possible displacement of the mean streamline as it 

t Another three-wire arrangement was used, whereby the cold wire was mounted on 
a sleeve which could slide over the stem of the X-probe. In this configuration the cold wire 
was kept horizontal and approximately 1 mm upstream of the X-wire intersection. The 
results obtained with this probe were in good agreement with those obtained with the 
first probe arrangement. 
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passes from region 1 into region 2 (figure 1):has been neglected. In  region 2, the 
inner boundary conditions on T and the mean velocity U are given by the 
logarithmic relations 

(2) 

and u 1 YU, 
u, Ic v 
-=-In-+C (3) 

respectively, provided that the flow is in equilibrium. T, is the wall temperature, 
V,  is the friction velocity ( =  7&, where 7, is the kinematic wall shear stress) and 
8, is the analogous friction temperature ( = Qw/U,). C and C, are constants while 
KO is, for this analysis, assumed equal to the KBrm&n constant K (  = 0.41), an 
assumption that implies Pr, = 1 .  

For small 7 ( = y/l,), $K lny and 8, can be identified with 8,. Extending the 
concept of self-preservation to the turbulent heat flux 3, we can write 

- 
= Q W @ l ( V ) .  (4) 

Substitution of (1)  and (4) into the mean enthalpy equation 

leads to the following requirements (to order ( l , / ~ , ) - ~ ,  which is small) for self- 
preservation: 

where zo ( = ve-CK/U7) is the ‘roughness’ length. In the present experiment n is 
equal to zero. To derive an explicit mean temperature distribution, Townsend 
( 1  965) uses the relation €or the thermal mixing length I , :  

- aT 
aU 

- 
w8 = lo( -UW)4-, (7) 

Y 

or, with le = KY for Pr,  = 1, 

The solution of ( 5 )  can be written as 

$1 = 79. 

(8) $1 = e-2v or $ = Ei ( - 27) .  

It should be emphasized that these self-preserving solutions are appplicable only 
when I, < 6, 1, & 2, and provided thermal equilibrium is satisfied in the region 
near the wall. The relevance of these conditions a.nd solutions to the present 
flow will be considered in the following sections. 

4. Results for mean temperature field 
The wall heat flux &,, shown in figure 2,  is approximately constant over the 

range of II: considered. The values of Q,, were obtained from the slopes of the 
approximately linear mean temperature profiles (see figure 3) obtained close to 
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FIGURE 3. Mean temperature profiles in semi-logarithmic co-ordinates. + , "/ao = 2.3; 
X , Z / & ~ =  5 .7 ;V,x /&= 11-4; O,x/S,= 18.9;[7,x/&=25.7; n ,~ /So=42 .9 ; - - -  , linear 
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-_  , Fulachier (1972), fully developed mean temperature profile. 
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the wall. Values of the wall temperature T, inferred by extrapolating these 
profiles to the wall are in reasonable agreement with the surface thermocouple 
values. 

The Stanton number St ( = Q,/Ul[T, - Tl]) ,  proportional to T, - Tl in this 
case, is appreciably larger in magnitude than 4cf (cf = rw/&U; is the skin-friction 
coefficient determined from the measured mean velocity profiles by the Clauser 
method). This departure from unity of the ratio 8 t / i c f  (the Reynolds analogy 
factor) is however reasonably predicted by the calculation of Kays (1966, p. 244)) 
corresponding to a step in wall heat flux a t  UIO,/v 2: 3000. It should be noted 
here that the value of &, determined from the mean enthalpy integral relation 

Q, = d[(Tw-Tl)SH]/dx, where SIT = Sm- U (-) T-TI d y  
0 Ul T,-T1 

is the enthalpy thickness, is approximately 20% higher than that shown in 
figure 2. Also, the momentum-integral values of cf ( =  2dO/dx) are about 25 % 
higher than those shown in figure 2 ,  implying a slight convergence of the mean- 
flow streamlines.? 

The difference between the wall temperature T, and the local temperature T is 
plotted in figure 3 with the use of the temperature scale 8, and length scale 
v/U,. In  the region near tha wall (yU,/v < 8) the viscous-sublayer relation 
(T, - T)/8 ,  = 0.73yU7/v, where 0.73 is the molecular Prandtl number, is a good 
fit to the data. For X I S ,  = 2.3, there is little evidence of a linear region in the 
semi-log plot of figure 3. Although a linear region seems to be present at XIS,, = 5.7 
and 11.4, the position of this region on the plot is higher than for the profiles a t  
larger XIS,. A reasonable fit to the linear region for the profiles a t  XIS,  2 18-9 is 
given by the solid line [equation ( a ) ]  in figure 3 with K, Y K ( =  0.41) and 

In the experiments of Fulachier (1972) (fully developed thermal layer with 
a constant wall temperature) and Bradshaw & Ferriss (1968) (step change in wall 
heat flux) K, was found to be equal to 0-45. This discrepancy appears to be con- 
sistent with the values of the Prandtl number presented in $5.  The present value 
of C, (which is in general a function of the molecular Prandtl number and/or the 
pressure gradient) is lower than those of Fulachier (3.13),  Bradshaw & Ferriss 
(3.33) and Blom (2-8). Note that the results in figure 3 could be interpreted to 
indicate a decrease in C, with increasing 12: in the early stages of development of 
the thermal layer. 

In the outer part of the thermal layer, the mean temperature profiles deviate 
only slightly (figure 3 )  from the logarithmic relation. Even a t  XIS,  = 42.9, the 
deviation is significantly smaller than that obtained by Fulachier, indicating 
that a fully developed profile has not yet been established in the outer region of 
the thermal layer. The slow development of the mean temperature profile 
is also in evidence in figure 4,  where y = ST, defined as the point where 
T - Tl = 0.01 (T, - Tl), is arbitrarily used to denote the outer edge of the thermal 
layer. 

of the start of the heated floor section. 

c, = 2.0. 

t The origin for this convergence was estimated to be approximately 15 m downstream 
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FIGURE 5. Variation of the thermal-layer thickness 8, with x. A, &/So; 0, &/So; -, 
Townsend (1965), Z,[ln (Zo/zo) - 2-27] = 0.34;- - , Bradshaw & Ferriss (1968). 
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The experimental variation of 6, with x, given in figure 5, is in close agreement 
with the self-preserving results obtained by Townsend by integrating (6a)  with 
K = 0.41. An alternative method for predicting the growth of the thermal layer 
can be obtained from the calculation method of Bradshaw & Ferriss (1968). 
These authors converted the exact equation for the rate of change of the mean- 
square temperature fluctuation along a mean streamline into an equation for 3 
which together with ( 5 )  forms a hyperbolic system of equations which is solved 
by the method of characteristics. The solutions are then added to the indepen- 
dently obtained solutions for the velocity field. If advection and diffusion of @ 
(an equation for 82 is given in 95) are neglected, the equation for the outgoing 
characteristic from x = 0, which is loosely identified here with the equation for 
&, can be written as 

where a,,, a structure function for the thermal layer, is defined by 
= (a?Or) ' /U,  (9) 

a,, = v8 / (B2)b f .  (10) 

(11)  

-- 

With U assumed to be given by (3), (9) can be integrated to yield 

6T[h (6T/zo) - 11 = Kal@x. 

For a,, E 0.62 (figure 14), the magnitude of 6, from ( 1  1)  is slightly less than that 
obtained from (6), but the growth rate is essentially similar to that obtained 
from Townsend's formulation and to the experimental growth rate 6, a xoa8. 
A similar growth rate was obtained by Antonia & Luxton (1971) for the internal 
layer that develops downstream of a smooth-to-rough step change in surface 
roughness. Also included in figure 5 is the position 6, of the outer edge of the 
(@)+ profile, with 6, arbitrarily taken at  the distance from the wall at  which 
(831 = O.OI(T,- TJ. 

5. Fluctuating temperature and velocity fields 
Distributions of the r.m.s. temperature fluctuations across the thermal layer 

are shown in figure 6 in the form (82)9/OTuvS. y/6,. In  this form, the distributions 
are, somewhat surprisingly, nearly similar at all stations, with a peak value 
about 2.2 occurring outside the viscous sublayer, and extend slightly beyond the 
arbitrarily defined edge 6, of the mean temperature profiles. Even a t  x/S, = 42.9, 

there is no indication in the inner part of the layer of a region where (@)& changes 
only slowly with y ,  as is usually observed in the profiles of ( 2 ) t  and (7 ) t  and also 
in that of (@f for a fully developed thermal layer (Fulachier 1972). 

The normalized longitudinal heat flux Z/Qw is plotted in figure 7 as a function 
of y/6. Near the wall, the values of uBexceed Q, by a factor of two or more. In  the 
outer region of the thermal layer, 2 appears to adjust fairly slowly to the new 
boundary condition. At the last measurement station, XIS,, N 42.9, 6, is only 
66 yo of 6 and the distribution of a / Q w  has not quite reached the distribution 
measured by Fulachier in a fully developed thermal layer. The results for the 

6 P L Y  80 
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Distribution of r.m.s. temperature fluctuation across the thermal layer. + , 
X , x/& = 5.7; v,  XISa 11.4; 0, X/Sa = 18.9; 0, "/So = 25.7; A, z/&, = 42.9. 

Y P  
FIGURE 7. Distribution of the longitudinal heat flux as a function of y/S. + , x/S, = 2-3; 
x ,XIS,  = 5.7; V, XI&, = 11-4; 0, XIS,, = 18.9; 0, XIS, = 25.7; A, XIS, = 42*9;-, Fulaehier 
(1972), fully developed non-isothermal boundary layer. 

transverse heat flux (figure 8) follow a trend much the same as that exhibited 
by 9 in figure 7. It is worth noting that there is no regigll where 3 is approxi- 
mately constant (the contribution from the term k aT/ay, left out in (5 ) ,  to the 
total heat flux is significant only in the viscous sublayer). This is in direct contrast 
to the measurements of &, which vary only slightly in the region y/6 < 0.10. 

The fairly large gradients in v8 at small x/6, reflect the importance of the term 
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FIGURE 8. Transverse heat flux distributions as a function of y/S. A, "/so = 10.3 

(Fulachier, step change in temperature); other symbols as in figure 7. 

U aT/ax in ( 5 )  in the region near the step. The closed symbols in figure 11 are the 
values measured by Fulachier at x/S, v 10-3 downstream of a step in wall 
temperature. They are in reasonable agreement with the present results a t  
XIS,, II 11.4. 

When 6, is used instead of 6 as the normalizing length scale, the similarity of 
distributions of v8 (figure 9) appears reasonable within the scatter in the data. 
The self-preserving solution for a [equation (8)] is not in good agreement with 
the data, as it generally underestimates the experimental values for q < 0-8 and 
overestimates them near the edge of the thermal layer. This disagreement is 
likely to be a result of the failure of the experimental situation to satisfy the 
assumption in Townsend's analysis. The ratio -u8/w8, plotted in figure 10, 
demonstrates the near similarity of at  all stations except perhaps those at 
large values of x, where u8 increases near the wall. 

The equation for 82 along a mean streamline in a turbulent shear flow can be 
written (e.g. Corrsin 1953) as 

-- 

- 

(12) 
a82 -aT a - a 2 t F  + 20u,- + - ( u p )  - a - + 201 - 

or a82 a82 -aT -aT a - a- 
Ui - ax, 2xi ax, ax; (::I (E) = O 

az@ a2@ - - 
u- + v- + 28u- + 28w- + - (u82) +- (w82)  -a- - a- ax aY ax aY ax aY ax2 ay2 

k P v L J  L-,,-> L--v-L L-y-J 

I I1 I11 I V  
advection production diffusion molecular dissipation 

--- 
+ 2a [ (gy+ (g)2+ (31 = 0. - 

V 
dissipation or destruction 

6-2 
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FIG- 10. Distributions of ratio us/& in the thermal layer. Symbols as for figure 7.  

The first terms in expressions 11-IV are found to be small a t  all values of x and 
can be ignored in the present situation. The distributions of other terms in (13), 
made dimensionless by multiplication by S,/U, 0,2, are shown in figures 11 (a),  ( b )  
and ( c )  for XIS, = 2.3, 11-4 and 42.9 respectively. At X I S ,  = 2.3, both the advec- 
tion (I) and the diffusion (111) are of the same order of magnitude as the dissipa- 
tion or destruction term (V) but the imbalance, or the amount by which (13) fails 
to close, is not small in the outer region of the thermal layer, being approximately 
equal to the dissipation or diffusion te1ms.t As x increases, the diffusion and 

t As a result of this relatively large imbalance (due mainly to the difficulty in making 
reliable measurements in the thermal layer at  this small value of z), the implications of figure 
11 (a), such as a large gain by diffusion in the region very close to the wall, cannot be trusted. 
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FIGURE 11 (a). For caption see p. 167. 

advection terms decrease in magnitude, at least in the inner region of the flow, 
and the magnitude of the imbalance in figures 11 (b)  and (c )  is satisfactorily small. 
A t  "/So = 42.9, the advection is negligible while the dissipation is only marginally 
smaller than the production in the inner layer, indicating that production and 
destruction of temperature fluctuations are very nearly in balance in this region. 
The requirement that - 

p g ? d y  

should be zero seems to be reasonably satisfied at ./So = 42.9. The general 
difficulty of accurately estimating the diffusion term (this is especially true at  
XIS, = 2.3, where 6, is only 0-69 cm) is considered to be a major reason for the 
non-zero imbalance in figures 11 (u)-(c). 

The dissipation x = 2a(aB/axi) (aB/axi) was here assumed to be equal to 
3 a [ ( a B / a ~ ) ~  + (a6/ay)2]. The components aO/ax and aB/ay were obtained with two 
parallel wires ( 9 0 %  Pt/lO% Rh, 0 . 6 ~ "  in diameter, 0.6 mm longt) placed 

t The temperature coefficient of resistivity for these wires was 0.0015 OC-'. 
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perpendicular to the flow and parallel to the wall. The streamwise derivative 
aO/ax was obtained from the time derivative of one of the temperature signals, 
with the use of Taylor’s hypothesis. The fluctuation aO/ay was approximated by 
the ratio AO/Ay, where A0 is the difference between the two signals and Ay 
(21 0.7 mm) is the separation between the wires.? The fluctuation ad/& wa8 
measured (with the wires perpendicular to the wall) only at  XIS,  = 42.9 and the 
results at this station indicated that ( & ’ / l a ~ ) ~  _N &[(aO/ax)2 + ( a O / a ~ ) ~ ] .  At all 
stations, ( a O / a ~ ) ~  was found to be slightly larger than (aO/8x)z, by about 5-25 %. 
The lower values of (a/3/ax)z compared with (N /ay )z  or (aO/az)z might explain the 
low values of the dissipation (figure l l a )  derived from Fulachier’s he values 
with the use of the isotropic relation x = 6a@/h:, where he is the length acale 
(O2/(a8/a2)2)4, analogous to the Taylor microscale. 

t In  the x results in figure 11, no attempt was made to account for the attenuation of 
the high frequency end of the dissipation spectrum as a result of the finite length of the 
wires (or the finite separation between the wires). At y/6, = 0.2, the wire length 1, 
( N 0-6 mm) is about 41,, where 2, is the Kolmogorov microscale. For this value of E,, 
Wyngaard’s ( 1  97 1) calculations, based on a particular shape of the temperature spectrum 
for isotropic turbulence, estimate that the measured values of x could be lower than the 
true values by about 15 yo. 

-- 

-- 

- 
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FIUURE 11. Budget of Facross the thermal layer a t  three streamwise stations. A, production 
[term I1 in (13)]; 0, diffusion (111); V, advection (I); 0, destruction or dissipation (V); 
0 ,  molecular dissipation (IV); +, molecular transport; x , imbalance. (All terms are 
normalized by ST/@;  UT.)  Fulachier’s (1972) results: -*-, production; -. .-, dissipation. 
(a) X/C$ = 2.3; (b)  XI&, = 11.4; (c) ./So = 42.9. 

Adiwipation length scale L, for t,he temperature fluctuations can be defined as 
(Bradshaw & Ferriss 1968) L, = ( 2 ) 2 / x d ,  which becomes identical to the mixing 
length 1, [equation (7)] when the production and dissipation of@ are equal. The 
variation of L,/S,. over the layer, given in figure 12, shows that L,/S, is fairly 
high at small values of x but rapidly decreases as x increases. For XIS, > 11.4, the 
values of L, near the wall lie fairly close to the line K,Y, as the inner region of the 
thermal layer is nearly in equilibrium. The trend in the mixing-length results in 
figure 13 indicates a decrease in &/ST in the outer part of the layer as x increases. 
Near the wall, I ,  does not depart significantly from the line K*Y except perhaps 
at the first station, whilst near the edge of the thermal layer, it shows a sharp rise, 
similar to the distribution of l but in contrast to the decreasing trend in L,. It 
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FIGURE 12. Dissipation length scale L,/ST for the temperature fluctuations in the thermal 
layer. +, ./So = 2.3; 0, x/6, = 11.4; 0, ./so = 18.9; A, z/8, = 42.9. 

seems likely that the variation of the length scale L, with x must be included in 
any calculation method for the thermal layer, particularly if the heat-transfer 
characteristics immediately downstream of the step are to be correctly evaluated. 
In the method of Bradshaw & Ferriss (1968), L, was assumed to be equal to 
L,/Pr, in the fully turbulent part of the flow, where L, = 7316 is the turbulent 
energy dissipation length scale. This assumption is, as pointed out by these 
authors, valid only when neither the thermal layer nor the velocity boundary 
layer is changing rapidly. It is worth noting that one of the other assumptions in 
the method of Bradshaw & Ferriss, namely the assumed constancy of the 
parameter ale [equation (lo)], seems to be supported by the present data 
(figure 14) for X I S ,  2 5.7. Near the step, ale is approximately constant over most 
of the thermal layer but its magnitude is slightly larger than at  larger x/S,,, where 
it is approximately 0-62, which is slightly less than that of Fulachier (0.75) but 
larger than that used by Bradshaw & Ferriss ( N 0.4). 

The turbulent Prandtl number Prt, defined as the ratio E(aT/ay)/8(aU/8y) 
of momentum diffusivity to thermal diffusivity, has been evaluated from the 
present data at  several stations and is shown in figcre 15. Although the experi- 
mental uncertainty in the derivation of Pr, is unavoidably large and partly 
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FIG~RE 13. Thermal mixing length lo across the thermal layer. 0,  = 25.7. Other 
symbols are as for figure 12. - -, Fulachier (1972), fully developed boundary layer. 

responsible for the large scatter in the Pr, data presented in the literature (see 
Blom 1970), the main features of the distributions in figure 15 are consistent 
with the data presented in the previous sections for the mean and fluctuating 
temperature fields. Values of Pr, well in excess of one are obtained only a t  
XIS ,  = 2.3, over the central and outer regions of the layer, but, when allowance is 
made (cf. $6) for the temperature ‘intermittency’ of the thermal layer, the 
resulting distribution is not much different from that a t  stations further down- 
stream. In the region near the wall, there is a general tendency (except for the 
results at XIS, = 25-7) for Pr, to be slightly higher than one. In  the inner region 
of the layer, aTlay _N 07/Ke y and aU/ay 2: U , / K ~ ,  and as KO 2: K in the present case, 
values of Pr, greater than unity are consistent with the observation that 
vS/lJ7S, < z / U :  over most of the inner region. This inequality is also evident in 
the measurements of Verollet & Fulachier (1969), even when the velocity and 
thermal layers are identical, but there is a compensating effect, in their case, due 

The trend of the present Pr, variation in the outer layer is in better agreement 

- 

to KO > K .  
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FIGURE 14. Variation of parameter ale across the thermal layer. + , ./So = 2.3; 
0 ,  ./So = 5.7; V, z/So = 11.4; 0, ./So = 18.9; 0, z/& = 25.7; A, z/S, = 42.9. 

with that of Fulachier (1972) than with that of Blom (1970), which was obtained 
from measured values of zlv a n d a .  When Blom used values of zlv a n d 2  calculated 
from the mean velocity and temperature profiles, Pr, showed an increase in the 
outer layer. 

6. Statistics of thermal-layer interface 

To obtain a measure of some of the statistical quantities associated with the 
thermal-layer interface, it was necessary to form the intermittency function I( t )  
as an indicator of the passage of the interface. The method for generating l ( t )  is 
similar to that used in Antonia et al. ( 1  975). Whenever the instantaneous tempera- 
ture exceeded the ambient air temperature by an amount T H ,  I was set equal 
to one. The use of the threshold TH was necessary to allow for the noise level of the 
anemometer signal. The use of a hold time (LaRue 1974; Ali & Kovasznay 1974) 
during which the temperature is compared with T H  to avoid spurious indications 
by I ( t )  was not required here. The variation of the mean value I and crossing 
frequency fy of I ( t )  with TIT at several positions in the thermal layer was found 
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FIGURE 15. Turbulent Prandtl number across the thermal layer. 0 ,  present conditional 
measurement at  z/6, = 2.3; A, Fulachier (1972), fully developed boundary layer; , Blom 
(1970). Other symbols are as for figure 12. 

to be qualitatively similar to that reported in Antonia et al. (1975). A suitable 
choice of TH inferred from this variation was found to be in good agreement with 
the setting of TH obtained by visual comparison of I ( t )  and temperature traces 
on a storage oscilloscope. It should be emphasized here that the setting I = 0 
does not necessarily indicate that the flow field is irrotational. At small values of x, 
I = 0 corresponds almost invariably to a fully turbulent velocity field, whilst for 
larger values of x, the velocity field outside the thermal interface has the inter- 
mittent features associated with the velocity-layer interface. When the thermal 
layer eventually reaches the edge of the boundary layer, a condition which is 
not attained in the present experiment, I = 0 can be interpreted to indicate 
irrotational flow, provided that the thermal interface is assumed to coincide 
exactly with the turbulentlnon-turbulent interface. 

The intermittency factor y = I ,  here understood to mean the fraction of time 
for which the flow is heated, is plotted in figure 16 as a function of y/&, for 
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FIGURE 17. Interface frequency distributions fr STlU, in the thelmal layer at different 
stations. + , X I S ,  = 2.3; V ,  X I S ,  = 114;  0, x/& = 18.9; A, XIS,  = 42.9; 0 ,  --, Kovasznay 
et al. (1970), fully developed isothermal boundary layer. 

different values of x. The results on the linear probability plot follow a linear 
variation fairly closely, even at the smallest values of x. The mean position of 
the interface thus appears to be normally distributed with y = 0-5 corresponding 
to y/6, = 1.  Also, y 2: 6, corresponds approximately to the position of a maxi- 
mum in the interface frequency distributions of figure 17 for all values of x. 
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FIGURE 18. Variation of standard deviation and roughness of thermal interface with x. 
0, a/ST-0.15; 0, (r/6,-0.19; ., Johnson (1959), developing non-isothermal boundary 
layer, u/g-@19; 0,  ( a / b ) / ( y U l f y 6 ~ ) .  

These results appear to provide some a posteriori justification for our choice of 
6, as representative of the edge of the thermal layer. The standard deviation v of 
the interface decreases markedly with increasing x (figure 16). A t  x/S, = 2.3, 

_N 0.50 whilst at the last measurement station a/& ( _N 0.22) is still signi- 
ficantly higher than the value of (r/S 2: 0.15 commonly reported in the literature 
(e.g. Klebanoff (1955) or Kovasznay, Kibens & Blackwelder (1970) for a fully 
developed isothermal layer and Dumas, Fulachier & Arzoumanian (1 972) for 
a fully developed non-isothermal layer).t Johnson's (1959) distribution of y 
deviates significantly from the Gaussian a t  small and large values of y/6T but is 
also characterized by a high value of a (2: 0.256,). 

The maximum value of f,,6T/u1 (figure 17) increases fairly rapidly with z for 
small values of x. At x/6, = 42.9, (f76T/u1),,, N 1.1,  which is identical with the 
value of (j78/Ul)max obtained by Hedley & Keffer (1974),'but significantly larger 
than the value of 0.76 reported in Kovasznay et al. ( 1  970) and Charnay ( 1  974). 
It must be noted however that Hedley & Keffer's value is probably less reliable 
than that of Kovasznay et al. because of the anomalously low 'wake' com- 
ponent of the mean velocity profile reported in Hedley & Keffer. Another feature 
of figure 17 is the lack of symmetry of the distributions, which, after showing 
a positive skewness a t  the first station, remain negatively skewed downstream 
with the magnitude of the skewness decreasing with increasing x. The difference 

t Note here that this decrease in a/S, with increasing x appears to be compatible with 
the increase in a/& in the case of a slightly heated turbulent boundary layer subjected to 
increasing levels of free-stream turbulence (Charnay et al. 1972). The analogy must how- 
ever be considered with caution since, in the present flow, the thermal layer develops 
under an external stream with, a t  least initially, relatively high levels of turbulence and 
shear. 
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FIGURE 19. Conventional and conditional averages of Reynolds shear stress z / U :  in the 
thermal layer. Conventional: 0, XIS,,  = 2.3; 0, x/S, = 18.9; A, x/& = 42.9. Filled symbols 
refer to conditional averages -(TiTi)h/U: in the heated flow only. 

between a/&, and the ‘fully developed’ value of 0.15 is plotted VS. x in figure 18 
in an attempt to obtain a rough indication of the rate of approach of the present 
flow to the fully developed condition. The difference (figure 18) appears to decay 
exponentially,t’i.e. (a/6,- 0.15) w e-5’X, where X N- 350 cm ( X / S ,  IY_ 79). As ST 
appears to be closely related to the mean position, jj say, of the interface and 
j j / S  N 0.8 in a fully developed layer, the difference a/&, - 0.19 yields a value of 
X / S ,  = 20. We have estimated that the edge ST of the thermal layer intersects 6 
at ./So = 90, assuming that extrapolation of 6, (figure 5) to larger v&lues of x is 
permissible. This result, together with the above values of X/S,, suggests that 
a distance of order 1006, ( N 10008,) might be required to achieve fully developed 
conditions in the thermal layer. 

Some indication of the ‘roughness’ of the interface is given in figure 18 by the 
ratio (u/S,)/(yU/f,, a,), the numerator and denominator roughly representing 
a typical amplitude and mean width respectively of the interface.$ This ratio, 
shown in figure 18 for y = 0.5, is low a t  small z as the relatively large values of a 

t There is no physical justification for the exponential decay. 
$ An analogous parameter was used by Wygnanski & Fiedler (1970) to characterize the 

interfaces of a mixing layer. 
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FIGURE 20. Conventional and conditional averages of the Reynolds heat flux 
a / O ,  U,.  Symbols as for figure 19. 

are offset by the very low values of fy. The ‘roughness’ has a maximum near 
”/So 1: 22 and then decreases fairly rapidly with increasing x. From the measure- 
ments of Kovasznay et al. (1970), the value of this ratio for a fully developed 
boundary layer is 0.23 (for y = 0.5). 

and heat 
fluxes v8and 2 are shown in figures 19-21. The subscript h is used to denote 
zone averages in the ‘hot’ part of the flow. The interesting feature of figure 20 

is the relatively large value of (-z), near the step. The difference between 
( - uv),, and -& a t  x/S, = 2.3 exceeds the local shear stress by a factor greater 
than rW at larger values of y/S,. This difference seems to be associated with 
fairly large values of u, (negative) and v, (positive) and is consistent with 
the idea of ‘bursts’ of low momentum fluid which are tagged by the passive 
scalar contaminant. The relatively large values of (z), a t  XIS,  = 2.3 are offset 
by even larger values of (a),, so that the Prandtl number 

Conditional and conventional values of the Reynolds shear stress 

- 

( a h  ( a T , / a Y ) / ( a h  ( m a y )  
in the heated part of the A uid is significantly lower than the conventional Prandtl 
number (figure 15). At a given value of y/S,, the difference UV - (UV),, is smaller 
a t  x/S, = 18.9 than at  XIS, = 2.3 and increases again at  X I S ,  1: 42.9. This trend 
is also observable in (a), -3 (figure 20) and, to a lesser extent, in z- (a), 
(figure 21). The original decrease a t  small values of x in the magnitude of the 
conditional averages of the momentum and heat fluxes relative to their 
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FIGURE 21. ConventionaI and conditional averages of the Reynolds heat flux 
%/O, U,. Symbols as for figure 19. 

conventional averages is probably a result of the loss in identity of the ‘bursts’ 
(e.g. Kline et al. 1967) as the distance from the wall increases and also of the 
presence of highly turbulent fluid outside the interface. Well downstream from 
the step the difference between conventional and conditional averages increases 
again as the probability of occurrence of non-turbulent fluid outside the 
interface increases and as the scalar contaminant becomes an effective marker 
of the large-scale structure of the flow. 

The work described in this paper represents part of a programme of research 
supported by the Australian Research Grants Committee and the Australian 
Institute of Nuclear Science and Engineering. 
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