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ABSTRACT 
 

Thermal anemometry measurements were performed to evaluate the heat and momentum 
transport characteristics of wall turbulence over a slightly heated, smooth flat plate with a step-
change in wall temperature.  Single-wire, X-probe and triple-wire sensors were employed to 
measure mean and fluctuating velocity and temperature as well as Reynolds stress and heat flux 
productions.  “Equilibrium” boundary layers were considered for mild (β ≈ 0.8, Reθ ≈ 3500) and 
moderate (β ≈ 1.8, Reθ ≈ 3800) adverse-pressure-gradient (APG) conditions for a wall-to-free-
stream temperature difference ∆T of approximately 12oC.  The base case for zero-pressure-
gradient (ZPG) conditions (β ≈ 0, Reθ ≈ 2700) was also investigated.  The origins of the 
momentum and thermal boundary layers did not coincide, resulting in a layer development ∆/∆-T 
of approximately 0.8, 1.2 and 1.5 for ZPG, mild and moderate APG, respectively.  Findings 
suggest that the mean flow field and the fluctuating streamwise and normal flow fields responded 
proportionally to the magnitude of the adverse-pressure gradient present.  The failure of the law-
of-the-wall for velocity for the APG conditions considered was not severe.  And the equilibrium 
condition of the flow was maintained through a balance of adverse pressure and turbulent stress 
production.  The Reynolds analogy was confirmed for ZPG conditions while, in adverse 
pressure, the turbulent stress production scaled with the streamwise heat flux.  The heat flux 
production was found to be self-similar for the pressure gradient cases investigated.   
 

INTRODUCTION 
 

The subject of adverse-pressure-gradient flows is of interest since they occur often in 
practice.  Appropriately, Nagano et al. (1991) remarked that “since adverse-pressure-gradient 
flows often occur in various kinds of fluid machinery, it is of both fundamental and practical 
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importance to investigate the adverse-pressure-gradient effects on the characteristics of turbulent 
boundary layers.”  In addition, Spalart and Watmuff (1993) noted that “adverse gradients are of 
more practical interest – because of separation, of more theoretical interest – because the wall 
shear stress does not dominate the situation, and more delicate experimentally – because of their 
higher sensitivity to upstream conditions.”  There have been a number of investigations focused 
on APG flows in addition to those conducted previously by our group (for example Ayala et al., 
1997 and Lin, 1995).  Turbulence contains a collection of large-scale coherent structures that 
have dimensions comparable to the boundary layer thickness.  The term coherent structure refers 
to large-scale events that show significant correlation over a spatial region in the boundary layer.  
Watmuff (1989) and Lian (1990) observed that coherent structures in APG flow appeared to be 
larger and moved more violently than their zero-pressure-gradient (ZPG) counterparts.  Nagano 
et al. (1998), (1991) and Nagano and Tagawa (1988) presented a comprehensive discussion on 
the effect of adverse pressure on the mean and fluctuating characteristics of the turbulent 
boundary layer.  Blackwell et al. (1972) and Orlando et al. (1974) investigated the turbulent 
boundary layer in APG conditions and focused on the thermal and dynamic characteristics of the 
flow for various adverse pressure conditions.  Our contribution, within the context of previous 
efforts, is intended to add to the existing experimental database on the subject.  We do this by 
presenting direct and simultaneous measurements of thermal and dynamic events conducted with 
customized single triple-sensor probes.  In this paper, we intend to present findings from our 
continued investigation of “equilibrium” adverse-pressure-gradient turbulent boundary layer 
flow.  We will focus our attention specifically on the response of the mean and fluctuating flow 
to the presence of moderate adverse pressure.  The reader is referred to Table 1 for a listing of 
the relevant test parameters.  
 

EXPERIMENTAL METHODS 
 
Experimental Facility 
 

The open-return low-speed wind tunnel at the University of California at Davis shown in 
Figure 1 was used for this investigation.  A complete description may be found in Ayala et al. 
(1997).  Briefly, it has a 7.5 m overall length and a 17:1 contraction ratio of the bell-mouth 
nozzle section.  The diffuser is 2.3 m long with a continuous transition from the rectangular test 
section to the circular fan housing.  The test section (TS) is 3 m long by 0.3 m wide.  The TS 
aspect ratio (TS-width/δ) is 10 or more for the APG flows measured.  The motor is capable of 
free-stream velocities ranging from 2.5 m/s to 25 m/s and a resulting TS free-stream turbulence 
intensity of about 1 % for ZPG conditions.  A free-stream turbulence intensity of approximately 
1.5 % was achieved for the two APG cases.   

 
Heated-wall Design 

 
The wind-tunnel floor consists of an unheated starting length and a section for tripping 

the flow.  This makes the origins of the thermal and momentum boundary layers different.  
Individually heated aluminum plates span longitudinally along the tunnel floor.  Insulating 
material, placed between plates, minimizes axial-heat conduction.  Heating is achieved by means 
of heating elements placed directly underneath the aluminum plates.  Conduction and radiation 
losses from the aluminum plates are estimated at approximately 3% of the heat input (Bagheri et 
al. 1995).  The wind tunnel floor temperature distribution was monitored with type E miniature 
thermocouples calibrated in a Rosemount Constant-temperature Bath against a Platinum 
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Resistance Thermometer.  The temperature distribution was monitored at three spanwise 
locations to ensure uniformity. 

 
Instrumentation 

 
TSI hot- and cold-wire probes controlled by standard TSI 1050 series CT and CC 

anemometers were used in this study.  Single-wire measurements of streamwise velocity were 
made with a 1261A-T1.5 miniature boundary-layer probe with an upper frequency response of 
600 kHz.  The active sensor dimensions were 4 µm in diameter and 1.25 mm in length.  Single-
wire temperature measurements were obtained with a 1276-P0.5 subminiature straight probe 
with a 1.3 µm diameter and a 1 mm length.  The typical upper frequency response for such a 
probe was 500 kHz.  Reynolds stress measurements were conducted with a standard 1241-D344 
tungsten X-probe with a 4 µm diameter and a 1.2 mm length.  The triple-wire probes (1296BH-
T1.5) consisted of a tungsten velocity X-probe (T1.5) and a platinum wire (P1) for temperature.  
The X-probe had a length of 1.2 mm and 4 µm diameter while the cold wire was 2.5 µm in 
diameter with a 1.2 mm length.  The temperature wire was placed directly upstream of the X-
probe at an axial separation distance of approximately 1 mm.  The operation of the X-probe in a 
non-isothermal field was compensated to correct for temperature contamination.  And the flow 
wake from the temperature wire did not have a measurable effect on the X-probe.  Conversely, it 
was determined experimentally that the cold-wire temperature sensor performance was not 
affected by its proximity to the “heated” X-probe.   
 

RESULTS AND DISCUSSION 
 
Equilibrium Adverse-Pressure-Gradient Conditions 
 

As originally stated by Clauser (1954), “equilibrium” APG boundary layers result in a 
one-parameter (β) family of “defect” profiles in the outer flow region, Spalart and Watmuff 
(1993).  For these profiles, the corresponding development of the freestream flow is of the form 

mCxU =∞ .  In the present investigation, mild and moderate APG conditions were established and 
compared to equilibrium profiles available in the literature.  Results for moderate APG 
conditions are shown in Figure 2 where Station 5 refers to the streamwise location were all 
measurements were conducted at a corresponding Rex value of approximately 2X106.  This 
figure suggests good agreement of the present testing conditions relative to Clauser’s, (1954) 
original work.  Similar agreement was found for the mild APG test case.  The streamwise and 
spanwise flow development was checked and two-dimensionality confirmed via profile 
measurements at various locations.   
 
Wall Temperature 
 
 The streamwise distribution of the non-uniform heat flux/constant-temperature conditon 
along the flat-plate test section is illustrated in Figure 3.  Wall heat flux measurements were 
made possible by calibrating the power input to individual heating elements in terms of the root 
mean square voltage drop across them and by subtracting the estimated heat losses.  Results 
showed a St distribution consistent with that expected for a step change in constant surface 
temperature.  The uniformity and two-dimensionality of the wall temperature distribution for the 
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current tests was checked and confirmed by monitoring the distribution at various spanwise 
locations in a similar procedure to that by Bagheri et al. (1995).   
 
Velocity Measurements 
 

Mean Flow Field.  Figure 4 illustrates that the response of the mean flow to an increase in 
adverse pressure is confined to the outer flow region of the boundary layer, as expected.  In the 
wall proximity, the uniqueness of the state of the mean flow for constant streamwise pressure is 
described by the law-of-the-wall where the scaling velocity u* is typically determined from 
Clauser’s technique.  This technique is attractive because it relies on outer-flow profile 
measurements.  However, Nagano et al. (1991) and Sparlart and Watmuff (1993) have 
contributed to the body of evidence that points to the failure of the law-of-the-wall for APG 
flows.  Their findings suggest that, in strong adverse pressure (β > 3), the normalized mean 
velocity profile falls below the universal law-of-the-wall line.  Thus, suggesting a potential 
underestimation of the wall shear stress u* by Clauser’s approach.  This discrepancy was 
determined from data collected in the viscous sub-layer region in the range of y+ < 6, which is 
not easily accessible in experiments.  Fortuitously, for the finite case of moderate adverse 
pressure in the range considered in the present study (β=1.8), the universality of the law-of-the-
wall seems to be preserved even for APG flows and a u* based on Clauser’s technique. 
 
 Fluctuating Flow Field.  Streamwise velocity fluctuations are presented in Figure 5 in the 
form of turbulence intensity (T.I.), Urms/U∞, versus dimensional wall-normal distance, y, for 
ZPG, mild, and moderate APG conditions.  The figure reflects a free-stream turbulence level of 1 
to 1.5% and a rapid increase of the fluctuations towards the wall.  As expected, it is evident that 
the presence of adverse pressure causes an increase in fluctuations in the core region of the 
boundary layer.  In contrast, APG effects are damped out by the solid surface as indicated by the 
similarity of the three profiles near the wall.  When these fluctuations are normalized by the wall 
shear, as shown Figure 6, it may be observed more clearly that adverse pressure causes a 
vigorous response of the streamwise fluctuations across the outer and logarithmic regions of the 
boundary layer.  This points to the presence of large-scale coherent motions, which are presumed 
to be responsible for the observed behavior.  Additionally, normal fluctuations showed a similar, 
but less pronounced response to the presence of adverse pressure as shown in Figure 7.  These 
findings serve to illustrate how viscous effects propagate in the flow direction more readily than 
normal to the wall.  In general, fluctuations in both directions reached a maximum value at a 
wall-normal distance, which increased with increasing adverse-pressure-gradient for the two 
cases investigated.  Interestingly, the data collected nearest to the wall under moderate APG 
conditions (beta=1.8) confirmed the existence of an inflection point in both streamwise and 
normal profiles at approximately y+=70. 
 
Temperature Measurements 
 

Mean Flow Field.  Current results shown in Figure 8, which were found in accordance 
with those of Blackwell et al. (1972), suggest that the presence of adverse pressure reduced the 
slope of the normalized mean temperature T+ profile in the logarithmic region.  The effect of a 
potentially underestimated wall shear, as discussed above, by Clauser’s technique for a given 
APG condition extends beyond the velocity field since u* is commonly used as a normalization 
factor for temperature as well.  Thus, the suggested slope reduction may be even more 
pronounced than that illustrated at this point.  Present findings were described satisfactorily by a 
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thermal law-of-the-wall expression with constants 0.418 and 3.22 and a uniform Turbulent 
Prandtl Number, Prt, value of 0.93 across the boundary layer.  However, we point to the 
experimental evidence available in the literature [Blackwell et al. (1972) and Ayala et al. 
(1997)], which has shown that Prt is not constant, but rather varies slightly as a function of wall-
normal distance and APG condition.   

 
Fluctuating Flow Field.  Normalized fluctuations for ZPG flow are shown in Figure 9 

where the present semi-log t’/T* distribution in the thermal “core” (80<y+<700) was in 
reasonable agreement with findings by Orlando et al. (1974) and Subramanian and Antonia 
(1981).  Discrepancies in the absolute magnitudes of the distributions may be due to differences 
in the development of the thermal boundary layer core region.  The boundary conditions used by 
both references corresponded to lower free-stream flow speeds and higher wall-to-free-stream 
temperature differences relative to present conditions.  However, more significantly, the origins 
of their dynamic and thermal boundary-layer fields coincided; a boundary condition not met in 
the present investigation.  Figure 10 summarizes the tendency of adverse pressure to suppress the 
normalized temperature fluctuations across the logarithmic layer, which is a direct result of the 
decrease in wall shear with increasing adverse pressure.  Consequently, the similarity of the t’/T* 
profiles in the outer flow region (y+>700) illustrates that viscous effects on the thermal field are 
confined approximately to the same flow region of the boundary layer near the wall as effects on 
the dynamic field.  In addition, similar to the velocity field, the temperature fluctuations were 
observed to increase as the wall was approached and to dissipate quickly with increasing wall-
normal distance.  
 
Reynolds Stress Measurements 
 
 The Reynolds stress production ''vu  was measured by the X-wire component of the single 
triple-sensor probe described previously.  Findings are illustrated in normalized form in Figure 
11 for the constant pressure case and for the two APG cases investigated.  The existence of a 
constant-stress layer found under constant-pressure conditions was confirmed by the β = 0 
profile.  And, as adverse pressure increased, there was a corresponding increase in the stress 
production throughout the logarithmic region of the boundary layer.  Under moderate adverse-
pressure-gradient conditions, the maximum normalized turbulent stress production nearly 
doubled relative to the constant pressure case and occurred at approximately y+=300.  Such 
increase in ''vu  for APG flows corresponded roughly to a similar increase observed for the u’/u* 
fluctuations presented earlier.  This suggests presumably that the presence of adverse pressure 
conditions were balanced by a proportional increase in stress generated by large-scale coherent 
structures in the boundary layer in order to maintain equilibrium.  Turbulent stress results were 
confirmed, in part, by comparisons to published data such as that shown in Figure 12.  And 
reasonable agreement is shown between present results and those of Lin (1995) and Koskie and 
Tiederman (1991).  APG effects were confined to the core region of the boundary layer and 
dissipated rapidly in the outer flow as suggested by the similarity of the profiles for y+>700. 
 
Heat Flux Measurements 
 
 The normal and streamwise turbulent heat flux profiles illustrated in Figure 13 were 
approximately self-similar for the three pressure conditions investigated.  Inspection of the β = 0 
results for ''vu  and '' vt  presented in Figures 11 and 13, respectively, indicates that the Reynolds 
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analogy for ZPG flow was confirmed.  Clearly, the similarity of the normalized distributions ''vu  
and '' vt  under ZPG conditions support this idea, which states, roughly, that the mechanisms for 
shear production and heat transfer are similar.  In the case of adverse pressure gradient flows, the 
Reynolds analogy varies as a function of pressure gradient.  And, indeed, current observations 
suggest a Reynolds stress ''vu  production mechanism, which in moderate adverse-pressure-
gradient flow, scales more appropriately with the streamwise heat flux ''ut  rather than with '' vt .  
The production of heat flux was observed to occur in the core flow region for y+<700. 
 
Measurement Uncertainty 
 

The standard methodology presented originally by Kline and McClintock and described 
in Holman, (1989) for quantifying uncertainties in single-sample experiments was applied to the 
mean values for the current results.  These uncertainties were estimated with 20:1 odds.  The 
statistical error uncertainties of the fluctuating quantities were estimated similarly by considering 
the scatter observed in the measurements.  Typically, the wall-normal distance was measured 
within 2% accuracy.  The uncertainty in the mean velocity u and v and temperature T fields also 
was approximately 2%, while the uncertainty associated with the fluctuating components u’, v’ 
and t’ was slightly higher in the 5% range.  The turbulent flux measurements ''ut , ''vt , and ''vu  
and the normalizing scales u* and T* contained an uncertainty of 6%.  The wall temperature 
measurements varied ±0.5oC.  

 
CONCLUSIONS 

 
 The characteristics of momentum and energy transport in a slightly-heated turbulent 
boundary layer with a step change in surface temperature were presented.  Findings may be 
summarized as follows: i) the departure of the normalized mean velocity profile from the 
universal law-of-the-wall was not pronounced for the moderate pressure gradient cases 
investigated when u* was based on Clauser’s technique, ii) The logarithmic slope of the 
normalized mean temperature showed a slight decreased as adverse pressure increased, iii) the 
equilibrium condition of the flow was maintained through the balance of adverse pressure by a 
proportional increase in stress.  This was made evident by the response of the streamwise 
fluctuations and the turbulent stress distributions to the presence of adverse pressure, iv) The 
Reynolds analogy was supported for ZPG conditions while, in adverse pressure, the turbulent 
stress production scaled with the streamwise heat flux; v) The heat flux was found to be self-
similar for the pressure gradient cases investigated.   
 

NOMENCLATURE 
 
u’ fluctuating streamwise velocity  
v’ fluctuating normal velocity  
t’ fluctuating temperature 

''ut  streamwise heat flux 
T∞ freestream temperature   
∆T temperature difference, = Tw-T∞ 

''vt  normal heat flux 
dxdP  streamwise pressure gradient 
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u* friction speed, = ρ
τ wall  

Tw wall temperature 
u streamwise instantenous velocity 
β Clauser’s equilibrium parameter, = ( ) dxdPwτδ *  (also beta) 
v  normal velocity 

∆ Clauser’s thickness, = dy
u

UU
∫
∞

∞ −

0
*

 

∆-T Clauser’s thermal thickness, = dy
T

TT
∫
∞

∞ −

0
*

 

T temperature 
δ dynamic boundary layer thickness 
θ momentum thickness 
δT thermal layer thickness  

''vu  Reynolds shear stress 
y+ wall-normal distance 
Reθ 

Momentum-deficit Reynolds number (also Re-m)  
Rex Local streamwise Reynolds number 

St Stanton number, TUc
q

p
wall

∆=
∞ρ

"
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Figure 1.  Schematic of the APG wind-tunnel facility at UC Davis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Velocity-defect check for moderate APG (β=1.8), ∆T=0 flow conditions 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  Stanton number distribution along wind tunnel wall. 
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Figure 4.  Mean velocity profile in ZPG and APG conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  Turbulence intensity distributions for ZPG, mild, and moderate APG. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.  Streamwise velocity fluctuations for ZPG and APG. 
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Figure 7.  Normal velocity fluctuations for ZPG and APG. 

 
Figure 8.  Mean temperature profile in ZPG and APG conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.  Comparison of temperature fluctuations in ZPG conditions. 
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Figure 10.  Temperature fluctuations profile in ZPG and APG conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.  Turbulent stress production in ZPG and APG conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12.  Comparison of turbulent stress production in moderate APG conditions. 
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Figure 13.  Turbulent heat flux distributions in ZPG and APG conditions. 
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0.0 0.70 17.5 2681 0.67 20 3.0 2.3 11.5 75.1 93.0 
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1.8 0.48 14.9 3790 0.75 30 5.4 3.8 11.8 165.4 110.2 

 
Table 1.  Test Parameters. 
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