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Abstract-Measurements are presented of mean and fluctuating temperature fields downstream of a sudden 
decrease in wall heat flux in a zero pressure gradient turbulent boundary layer. The growth rate of the 
thickness of the internal layer, estimated from r.m.s. temperature profiles, is found to be in good agreement 
with that obtained for a sudden increase in wall heat flux. When the internal thermal layer thickness and 
maximum temperature difference across the layer are used as the normalising length scale and temperature 
scale respectively, mean, r.m.s. and higher order moments of the temperature are approximately self- 
preserving, at least over the outer region of the internal layer. The sharp temperature jump at the back of the 
large structure is observed over a significant part of the boundary layer both upstream and downstream of the 

sudden change in heat flux. 

NOMENCLATURE 

thermometric wall heat flux [“C m/s] ; 
mean temperature [“Cl ; 
free stream temperature [“C J ; 
local maximum temperature [“C) ; 
wall tem~rature E”C] ; 
Q&J,, friction temperature [OC] ; 
time [s] ; 
local mean velocity [m/s]; 
free stream velocity [m/s] ; 
friction velocity [m/s] ; 
streamwise velocity ~uctuation [m/s]; 
norma velocity fluctuation [m/s] ; 

thermometric heat flux PC m/s] ; 
streamwise distance [m] ; 
streamwise distance, measured from the step 

Cm1 ; 
distance normal to the wall [cm] ; 
kinematic boundary layer thickness [cm] ; 
boundary layer thickness at the step [cm] ; 
internal layer thickness downstream of the 
step [cm] ; 
temperature fluctuation [“Cl; 
-1~2 

9 r.m.s. temperature [“C] ; 
Karman constant (= 0.41); 
-Uli, kinematic Reynolds shear stress 

[mzls21 ; 
kinematic viscosity [m’/s]. 

INTRODUCTION 

THERE have been several ex~r~menta1 and theoretical 
investigations of the turbulent boundary layer 
downstream of sudden changes in surface roughness, 
primarily because of their relevance to the atmospheric 
boundary layer. Townsend [l] considered the case of 
step changes in surface roughness or heat flux, these 
occurring either separately or in combination. 
Although the sudden change in surface roughness has 

been studied experimentally in the laboratory by 
several investigators (see Antonia and Luxton [2,3] 
for references), there have been fewer laboratory 
investigations of a sudden change in surface heat flux. 
Johnson [4], Blom [5] and Antonia, Danh and 
Prabhu [6] considered the response of a smooth wall 
turbulent boundary layer which is subjected to a 
sudden increase in surface heat flux or surface 
temperature. This latter configuration is of some 
relevance to the often encountered atmospheric 
situation of a sea breeze which blows onto land. In this 
situation, the change in surface tem~rature is 
inevitably accompanied by a change in surface 
roughness and the combination tends to create a 
relatively complicated stratification of the air flow (e.g. 
Ogawa, Griffiths and Hoydysh [7]). Field studies of 
this situation have been made by Vugts and Businger 
[8] and Tieleman and Derrington [9]. Charnay er al. 
[ 101 measured both mean and fluctuating temperature 
fields downstream of a sudden decrease in wall 
temperature. In the present investigation, the wall heat 
flux QW is kept constant upstream of the change while 
zero heat flux is maintained downstream. This 
investigation is only of nominal relevance to the 
atmospheric situation since the surface is smooth 
everywhere and buoyancy effects are not considered. It 
should however provide a useful input for methods of 
calculating the turbulent boundary layer downstream 
of such a change in surface condition. In particular, the 
growth of the internal layer and the mean and r.m.s. 
temperature distributions within the internal layer are 
discussed in the context of a self-preserving de- 
velopment of the thermal disturbance resulting from 
the change in boundary condition. 

EXPERIMENTAL SET-UP AND CONDITIONS 

The boundary layer was developed, under zero 
pressure gradient, over the smooth wall of the working 



1642 

section (0.38 x 0.23 m) of the wind tunnel. The first occurs at increasing values ofy as Y, increases. Antonia 
3 m section of the working section floor was heated and Luxton [2,3] determined di for a boundary layer 
while the last 1.83 m section was unheated and subjected to a step change in surface roughness, by 
constructed from an insulating material (0.025 m thick inferring the ‘merge’ point between consecutive mean 
‘Sindanyo’hard asbestos board with an epoxy coating) velocity profiles. A similar approach was used here to 
polished to a smooth flat surface. Tmmediately find hi for the internal layer. Due to experimental 

upstream of the sudden change in surface condition scatter in mean temperature profiles, only a rough 

T,- 7, ‘c 10°C and T, is 034°C. At this location, the estimate of Si was possible. A more satisfactory 
momentum and thermal layers had approximately the estimate of di was inferred from merge points of r.m.s. 
same thickness 6, 2 6.3 cm. Reynolds shear stress and temperature profiles with the upstream undisturbed 
heat flux profiles measured both at this location and profile, as shown in Fig. 2. The abscissa is normalised 
upstream of this location indicated that the boundary with the local boundary layer thickness, to allow for 

layer was self-preserving upstream of the change in the small streamline displacement effect that 
surface condition. The integral Ji U(T - T,)dq accompanies the growth of the boundary later. bi is 
remained approximately constant downstream of the taken as the distance from the wall at which the slope 
step, which is consistent with the boundary condition of the 0’ profile downstream of change matches that of 
QW = 0. the 0’ profile at .YJS,, _v -0.63. 

Mean and r.m.s. temperature measurements were 
made with a 0.6 pm Pt-10% Rh cold wire (temperature 
coefficient 1.5 x 10V3 ‘C-i) operated by a constant 

current anemometer. The magnitude of the current 
was sufficiently small (50pA) for the velocity 

sensitivity of the cold wire to be negligibly small. Mean 
and r.m.s. voltages were measured with a DISA 55D31 
digital voltmeter and a DISA 55D35 r.m.s. meter 
respectively. Higher order moments of temperature 
fluctuations were obtained by digitising the signal 

recorded on a Hewlett-Packard FM3960A recorder at 
a sampling frequency of 4 kHz and then processing it 

on a PDP 11/20 computer. Some insight into the 
coherent structure of the boundary layer both 
upstream and downstream of the step has been 
obtained with the use of a rake of 11 cold wire probes. 
In the construction of the rake, use was made of a 
double-sided printed circuit board which supports the 
probes. Each probe is made by soldering 0.5 mm dia. 

brass pins which form the prongs, to either side of a 
narrow (2 x 1 mm) strip of printed circuit board. 

Experimental results were obtained at streamwise 

stations xJ6, of 0.19, 0.54, 1.69, 2.94, 5.73, 8.75, 
12.83 and 20.17 at U, =14.5ms-i. A schematic 
representation of the experimental configuration is 

shown in Fig. 1. 

The experimental data for ai are shown in Fig. 3, 
with the fit ai 2: 0.61 .Y:.“. There is only moderate 
agreement between the present slope and that inferred 
from Charnay et a/.‘~ [lo] four values of hi. 
Interestingly, Antonia er ul. [6] obtained 6, _ .Y:.“, 
where Si was taken to be the distance from the 

wall at which 0’ = 0.01 (T, - 7,) for the growth of the 

internal layer downstream of a sudden increase in wall 
heat flux. The rate of propagation of the thermal 
disturbance seems to be independent of the nature of 
the change in boundary condition. This is not too 
surprising since the momentum boundary layer is 
unaffected by the change in surface condition and the 

initial state of the boundary layer is the same for both 
the increase and decrease in Q, (note that the 
magnitude of the difference between local and free 
stream temperatures is such that the introduction of 

temperature does not affect the dynamics of the flow). 
In contrast, it should be remembered that observations 
downstream of a step change in roughness (Antonia 

and Luxton [2,3]) indicated that ai _ .Y:.‘~ for a 
smooth to rough step and ?ii - .x~~43 for a rough to 
smooth step. 

RESULTS AND DISCUSSION 

Since QW is zero downstream of the step, the location 
of the maximum in the mean temperature profile 

To estimate hi, Townsend’s [1] conditions for self- 
preservation of the mean temperature cannot be used 
effectively in the present case as thermal equilibrium is 
not likely to be satisfied in the region close to the wall 
(the gradient t?T/ay is zero at the wall). The calculation 
method of Bradshaw and Ferriss [11] yields an 
equation for the outgoing characteristic from .yy, = 0, 

.nal 
Layer 

FIN;. 1. Sketch of experimental arrangement and conditions 
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FK;. 2. R.m.s. temperature profiles. l ,xJ& = -0.63; V,O.19; +,0.54; 0, 1.69; 0,2,94: X, 5.73; A, 8.75; 
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FK;. 3. Growth of the internal layer hi. 0, present data. 
Values of Charnay et d’s [IO] Si values: 0, from mean 
temperature profile; 0, from r.m.s. temperature profile. 

- .- .-, Bradshaw and Ferris [l l] calculation. 

provided advection and diffusion of 0” are negligible. 
These terms are small compared with the production 
and dissipation terms in the outer region of the internal 
layer in the 0” budget of Charnay et al. [lo]. 
Identifying the lateral position of the characteristic 
with hi this equation can be written as 

dai (a:, t)“’ 

d.u,- u ’ (1) 

where a,,, is a structure function parameter defined by 

vo 
alo = s. (2) 

The logarithmic distribution of U is given by 

u YU 

u,=” 
-‘In-+ C, 

V 
(34 

where the von KBrman constant K 2 0.41 and C 5 5.6. 
Alternatively (3a) can be re-written as 

u -1 lnY 
u,=” zo’ 

(3b) 

where the roughness length z. = v e-‘(‘/Ur. Using (3b), 
equation (1) can be integrated in the streamwise 
direction starting at X, = 0 when 6, = z,,. This 
integration yields 

hi[ln (&/z,) - l] + z. = Ka,,x, 

with the assumption that t1!2 = U,. At values of x, 
large enough to satisfy ai >> z,, but small enough for hi 
to lie within the logarithmic region, the previous 

equation can be approximated by 

6,[ln(6,/zo) - l] z ical,+, (4) 

Distributions of a,, (Fig. 4) have been inferred for 
Charnay et al.3 data, using Klebanoff’s [12] 
distribution for T. Although al,, is not constant, it is 
independent of X, in the internal layer when plotted 
against y/di. Antonia et al. [6] also found that a,,, does 
not change appreciably with x,, but, in their case, a,, 

was constant, approx. 0.64, over a significant region of 
the internal layer. The calculated distribution of hi 
shown in Fig. 3, is obtained from equation (4) using a,,, 

= 0.7, the value estimated at y = hi. The calculated 
growth rate of hi is appreciably larger than the 
experimental growth rate. It should however be noted 
that the requirement, implicit in equation (4), that hi is 
small compared with the thickness of the logarithmic 
region is contravened at relatively small values of 
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xJ6,. Figure 3 indicates that fii exceeds 0.2 a0 when x, 

is greater than about 2 6,,. 

Mean temperature profiles downstream of the step 
in Fig. 5 are approximately self-preserving in the 
region 0.05 < y/6, < 0.6, when 6, is used as the relevant 
length scale and (T - T,) is normalised by (T, - T,). 
The temperature profile has zero slope at y/6, z 0.1, 

for y/s, < 0.05, profiles cannot be expected to be self- 
preserving because the production of 0” is small, and 
the flow is not in local equilibrium, as evidenced by 
Charnay et al.‘s budget of fI”. Charnay et al.‘s mean 
temperature profile at xJ&, = 7.14 shows a peak at 
~16, rr 0.25 and the profile is rather steeper close to the 
wall. 

When 0’ is normalised by (T, - T,), the resulting 
distributions (not shown here) downstream of the step 
exhibit approximate self-preservation for 0.05 < y/6, 
< 1.4. The maximum value occurs at y/& z 0.8, which 

corresponds roughly to the location where the slope of 

the mean temperature profile is maximum. Charnay et 
al. observed a second maximum in the production 
term of 0” close to the wall, outside the viscous 
sublayer. 

Since the signal to noise ratio of 0 decreases with x,, 
the internal layer interface could not be studied in 
detail and conditional measurements associated with 
this interface were not attempted. However, a few 

normalised high order moments P/O” (n = 3-6) were 

evaluated at xJ6, = 8.75 and 20.17 (Fig. 6). The 

distributions of these moments are in good agreement 
at the two values of K, for y < &. This supports 
previous conclusions, drawn from the mean and r.m.s. 
temperature profiles, in relation to the self- 
preservation of the internal layer. The skewness (n = 
3) is positive in the region y/6, < 0.17 presumably 
because of the arrival in this region of relatively 
warmer fluid from the outer part of the internal layer. 
The negative skewness in the region 0.017 < y/6, < 0.8 
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FK;. 4. Distributions of a,,) using data of Charnay et al. [lo]. A, xJ6, = 2.04; .,4.08; n, 7.14; 0, 14.29. 
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FIG. 5. Normalised mean temperature profile.. Symbols same as in Fig. 2. ---, Chamay PI al. [lo] 
xJ6, = 7.14. 
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may reflect the arrival of relatively cooler fluid from 

the wall region or from the outer part of the boundary 

layer. The distribution of 13’/0’~ is in qualitative 

agreement with that of g/8”. In the external part of 
the boundary layer, both even and odd order moments 
increase rapidly as a result ofouter layer intermittency. 
The fourth and sixth order moments exhibit a 
minimum near y = hi. At this location, the even order 
moments are approximately zero. It is of interest to 
note that Antonia and Luxton [ 131 observed maxima 
for the skewness and flatness factors of u at y 2 ai for a 
smooth to rough step change. Maxima were not found 
for a rough to smooth step near y = Si, presumably 
because the statistics of u near the edge of the internal 
layer were dominated by the relatively high turbulence 
intensity of the upstream rough wail boundary layer. 

Temperature traces (Figs. 7b, c) obtained with the 
rake downstream of the step show the same jumps at 
the back of the large structure that have been observed 
(e.g. Fig. 7a) in a continuously slightly heated flow 
(also Chen and Blackwelder [ 141; Subramanian and 
Antonia [ 151). Although the temperature at the wall is 
approximately equal to that in the free stream, the 
temperature jump is from hot to cold at the back of the 
large structure, in the layer near the wall as well as in 
the outer layer. Chen and Blackwelder [14] described 
the region associated with a sudden decrease in 
temperature as separating relatively high speed fluid 
upstream of this region from relatively low speed fluid 
downstream. These authors identified this thermal 
interface with an ‘internal shear layer’, characterised 
by relatively sharp changes in both streamwise and 

normal velocities. The thermal interface provides a 
possible mechanism by which the large structure in the 
outer intermittent region is related to the bursting 
phenomenon near the wall. Charnay et al. [ 10, Fig. 221 
showed simultaneous traces, at a particular value of xs, 
of u (in the outer part of the layer) and 0 near the edge 
of the internal layer downstream of an increase in 
surface temperature. Both the turbulent/irrotational 
interface and internal layer interface register the 
passage of the back of the structure. The relatively 
sudden increase in u precedes the sharp decrease in 0 at 
the edge of the internal layer. This is quite consistent 
with the inclination due to the shear of the large 
structure. In Fig. 7c, the sharp decrease in 0 certainly 
penetrates the internal layer, as the mean position of 
this layer is located at di = 0.67 6. The inclination of 
the thermal interface to the wall is clearly evident in all 
sets of traces shown in Fig. 7. 

CONCLUSIONS 

The main conclusions of the present investigation 
can be summarised as follows: 

(i) The thickness hi of the internal layer that 
develops downstream of a sudden decrease in wall heat 
flux increases as x:,64, where x, is measured from the 
change. A similar growth rate, also based on estimates 
of bi inferred from r.m.s. temperature profiles, was 
observed for the internal layer downstream ofa sudden 
increase in wall heat flux. 

(ii) Mean and r.m.s. temperature profiles are 
approximately seif-preserving over a significant part of 
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FIN;. 7. Typical temperature traces obtained with the cold 
wire rake. (a) x,/6, = - 4.33, the lowest trace corresponds to 

YU,lV 2 21. Flow is right to left. (b) xJ6, = 1.6, the lowest 
trace corresponds to yU,/v - 55; SJS 2 0.17. (c) xJ& 2 

20.17; the lowest trace corresponds to 6,/S - 0.67. 

the internal layer when di and the maximum mean 
temperature difference are used as the appropriate 
normalising length and temperature scales 
respectively. Even order moments of the temperature 
fluctuations are approximately zero at y = Si. 

(iii) The dynamics of the flow downstream of the 

change in surface condition continue to be dominated 
by the organised large structure of the motion. The 
upstream interface of this structure, characterised by a 
sudden decrease in temperature, is first observed in the 
outer part of the layer but extends across the internal 
layer into the wall region of the flow. 
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REPONSE DUNE COUCHE LIMITE TURBULENTE A UNE DECROISSANCE SOUDAINE 
DANS UN FLUX PARIETAL 

Rhun--On presente des mesures de temperatures moyenne et fluctuante en aval dune decroissance 
brutale de flux parietal dans une couche limite turbulente sans gradient de pression. La vitesse de croissance 
de l’epaisseur de la couche interne, estimte a partir du profil de moyenne quadratique de temperature, est 
trouvte en bon accord avec celle obtenue pour une croissance soudaine du flux par&al. Quand on utilise 
I’ipaisseur de la couche thermique interne et la difference maximale de temperature a travers la couche 
respectivement comme Cchelles de longueur et de temperature, la moyenne, la moyenne quadratique et les 
moments plus Cleves de la temperature sont approximativement Ctablis, au moins dans la region externe de la 
couche interne. Le saut de temperature a l’arriere de la grande structure est observe sur une partie 
significative de la couche limite, a la fois en amont et en aval du changement brutal du flux thermique. 

VERHALTEN EINER TURBULENTEN GRENZSCHICHT BE1 PLGTZLICHER 
ABNAHME DER WARMESTROMDICHTE IN DER WAND 

ZusammenfassungpEs werden Messungen von zeitlich gemittelten und fluktuierenden Temperaturfeldern 
stromabwlrts von einer Stelle plotzlicher Abnahme der Wand-Wlrmestromdichte in einer turbulenten 
Grenzschicht ohne Druckgradienten mitgeteilt. Die Dickenzunahme der inneren Schicht, abgeschltzt aus 
nach der Fehlerquadratmethode gemittelten Temperaturprofilen, stimmt gut mit jener iiberein, die man fiir 
eine plotzliche Zunahme der Warmestromdichte an der Wand erhllt. Wenn man die Dicke der inneren 
thermischen Schicht und die maximale Temperaturdifferenz aus der Schicht als normierende Langenskala 
bzw. Temperaturskala verwendet, sind der quadratische Mittelwert und die Momente hoherer Ordnung der 
Temperatur nahezu konstant, zumindest ilber die lul3ere Region der inneren Schicht. Der steile 

Temperatursprung an der Ruckseite der grol3en Struktur wird uber einen signifikanten Teil der 
Grenzschicht sowohl stromauf- als such stromabwlrts von der Stelle des plotzlichen Wechsels der 

Wlrmestromdichte beobachtet. 

B.JIMIlHME MFHOBEHHOFO CHM-HCEHMII HAI-PEBA CTEHKM HA HOBEflEHkiE 
TYP6YJIEHTHOF0 HOFPAHWHHOI-0 CJIOII 

AHHoTauan- nlW,CTaBneHbI pe3yJIbTaTbI Ii3MepeHHfi CpeLIHRX k, n,',IbCauHOHHbIX 3HaYeHBA TeMne- 

paTypb1 BHHJ n0 Te'IeHZiIO 38 06JIaCTblo MrHOBeHHOrO CHWEeHHR BeJIWIAHbI IIOnBOnAMOrO K CTeHKe 

rennoaoro noroka a TypGynenTuoM norpanswioh4 cnoe npe Hynesoh4 rpanuewe nasneeen. HafineHo, 
qT0CKOpOCTb pOCTa TOJIIIWHbI npHCTeHHOr0 C,IOK,paCCqHTaHHaSI n0 CpenHeKBanpaTHYHbIM IIpO&,JI,IM 

TeMneparyp, xopotuo cornacyercn co 3tiaqenriaMu, nOJIy'IeHHbIMH up,, MrHOBeHHOM YBeJIWIeHHA 

narpeaa creukn. B cnyrae, xorila ronmuna npscresnoro rennoaoro cnoa R MaKcmdanbHa8 pa3HocTb 

TeMnepaTyp nOnepeK CJIOIl HCnOJIb3,'IOTC~ COOTBeTCTBeHHO KaK HOpMHpOBOVHbIe MaCIIITa6bI mHHb1 W 

TeMIICpaTypbI, CpeLIHHe PI CpeAHeKBaLIpaTWIHbIe 3Ha'IeHWI TeMnepaTyp, a TaKxe MOMeHTb, 60,Iee 

BbICOKUX nOpWIKOBnO~Trt HeIi3MeHIIWTCfl.nOKpatiHeiiMe~, BO BHeIIIHeti o6nacru npkICTeHHOr0 CJIOll. 

B6nn3u CTCHKIi. Ha 60JIbIIIOM npOT%UeHHH IIOrpaHWHOrO CJIOIl KaK BBepX, TaK Ii BHA3 no TeqeHAH) 

OT o6nacru BHe3anHOrO H3MeHeHUR BeJIA'IHHbI IIOJlBOflRMOrO TCnJIOBOrO nOTOKa, Ha6nmnaeTcR 

OCTpbIii TeMnepaT,‘pHbIfi CKa'IOK. 
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