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Effect of Turbulence on Heat Transfer in Stagnation Flow

H. Al-Salam*
Fluor Daniel Canada, Inc., Calgary, Alberta T2W 3N2, Canada

and

A. Haji-Sheikht and S. M. Youi
University of Texas at Arlington, Arlington, Texas 76019-0023

This article describes an experimental study on the relationship between the heat transfer coefficient
h and the standard deviation of velocity of the freestream «’ in stagnation flow. The flow is perpendicular
to a flat surface with 4’ measured at the center of the jet between 1.5-3.3 m/s. The data show a linear
relationship between /& and u'. Also, the data compare favorably with heat transfer data in the presence
of high freestream turbulence reported by other investigators.

Nomenclature
A = exposed heat transfer area, m*
B, = bias error of &
¢, = specific heat W/kg K
D = diameter of nozzle exit, m
d = diameter of test surface
h = heat transfer coefficient, W/m?-K
h, = heat transfer coefficient for u’ = 0, W/m*-K
Nu = Nusselt number
Pr = Prandtl number
p = pressure, kPa
Re = Reynolds number
r = radius of heat transfer surface, m
St' = Stanton number based on h/pc,u’
St; = Stanton number based on hy/pc,u’
s = sample standard deviation
T = temperature, K
Tu = freestream turbulence, u'/u,,
t = time, s
u' = standard deviation of the freestream velocity, m/s
u, = velocity at exit plane of calibration nozzle, m/s
u, = mean freestream velocity, m/s
z = axial distance from nozzle exit, m
AH = height, manometer reading in mm of water
8 = thickness of copper disk
0 = temperature difference, T — 7, K
6, = initial value of @
p = density, kg/'m’
Subscripts
a = ambient condition
D = length scale as the diameter of nozzle exit
15 = value measured at y* = 15

Introduction

TAGNATION flow is encountered in applications such as
cooling of high-temperature turbine parts, cooling of elec-
tronic components, tempering glass, annealing plastics and
metals, drying papers and textiles, and heat treating of metals.
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This article investigates heat transfer in stagnation flow in the
context of a recent investigation by Maciejewski and Moffat."
They reported that there is a linear relationship between the
local heat transfer coefficient 4 and the standard deviation of
the local streamwise velocity in the wall-affected region. The
theory was verified for turbulent boundary-layer flow in the
presence of high and low freestream turbulence. Clearly, stag-
nation flow is an alternative and a logical system to verify this
theory for the following reason: it is relatively easy to produce
a stream with freestream turbulence exceeding 20%.

This study investigates the hypothesis that 4 is also a func-
tion of u’', for an air jet whose bulk fluid motion is perpendic-
ular to a flat surface. Although this is the first report of this
phenomenon, Gardon and Akfirat® investigated the effect of
turbulence of an air jet on heat transfer from a flat plate. Their
results are for the ratio of nozzle-to-plate distance to plate
diameter of less than eight nozzle diameters. They also show
a correlation between the heat transfer coefficient and the tur-
bulence intensity at the exit plane of the nozzle. Martin® pre-
sents a review of experimental data on an impinging gas jet
to a plate. Hoogendoorn® discusses the effect of freestream
turbulence on the heat transfer coefficient at the stagnation
point of a cylinder in crossflow and reports data for stagnation
flow over a flat wall. Jambunathan et al.’> present a compre-
hensive literature search on heat transfer for a single circular
jet impinging on a flat plate. Finally, Lytle and Webb® studied
heat transfer for a nozzle-to-plate spacing of less than one
nozzle diameter.

Maciejewski and Moffat' hypothesized that for high free-
stream turbulence, e.g., Tu > 20%, the heat transfer coefficient
is related to the standard deviation of freestream velocity. In
the absence of freestream turbulence or for low Tu, they used
the maximum u’ located at y* ~ 15 in a fully established
turbulent boundary layer. A viable model to verify the hypoth-
esis is the study of heat transfer in stagnation flow where it is
possible to provide a constant u’. According to the data pre-
sented in Ref. 2, the test model must be located at least 10
nozzle diameters downstream from the nozzle to establish a
fully turbulent flow; this will ensure that the core is turbulent.

A nozzle is selected for this study and air is impinged per-
pendicular to a flat circular disk (Fig. 1). The nozzle satisfies
the required conditions: #’ is constant over an area exceeding
the surface area of the disk and the freestream turbulence in-
tensity exceeds 20%. The coefficient & and the standard de-
viation u’ are obtained experimentally and the average heat
transfer coefficient is determined. The existence of-a linear
relationship between 4 and ' is studied.

The experimental procedures used in this study are not de-
signed to show radial variations in % from the center of the
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Fig. 1 Experimental setup for heat transfer measurement.

jet. However, it is important to prove that the radial variation
of h is negligible. To accomplish this task, a second nozzle is
used to produce a jet of air with a diameter of about 25% of
the diameter of the disk. The objective is to compare results
from the two nozzles. A significant reduction in the average
heat transfer coefficient using the second nozzle implies that
the radial variation of the heat transfer coefficient is detectable.
The data reported in this article confirm that the heat transfer
coefficient for the primary nozzle is nearly uniform.

Experimental Setup

The experimental setup employs a transient measurement
technique that uses a copper disk. The surface of the copper
disk has a diameter of 38 mm and the thickness of the disk is
12.7 mm. One surface of a copper disk serves as a flat plate
for heat transfer measurement. The opposite surface and the
edges of the copper disk are insulated. Preliminary testing re-
vealed that the insulating materials must have low heat capac-
ity and low thermal conductivity. For this reason, the copper
disk was embedded inside a block of balsa wood with one side
exposed. The copper disk was heated externally by bringing it
in contact with an electrically heated steel cylinder 30 mm in
diameter. This ensures that the heat transfer into the balsa
wood will be confined to a thin layer. An analytical solution
of the temperature field showed that this scheme minimizes
the error in the measured heat transfer coefficient. For the
range of expected heat transfer coefficient, # < 200 W/m?-K,
the Biot number hé/k < 0.0075 indicates a negligible temper-
ature variation within the disk in a direction perpendicular to
the surface of the disk. Also, the radial variation of temperature
in the copper is small since hd/k < 0.023. Accordingly, a
lumped-heat-capacitance model is a useful tool for this ex-
perimental study. A transient technique yields an average heat
transfer coefficient under a spatially constant wall temperature
condition. ‘

A 2-mm diameter hole was drilled from the back side of the
copper disk toward the centroid of the copper disk. A copper-
constantan thermocouple was affixed to the disk with high
thermal conductivity epoxy. The calibration of the thermocou-
ple was verified at the ice point and at the boiling point of the
water. The assembled copper disk and balsa block were
mounted on a platform, and the platform was mounted on a
three-axes traversing mechanism (see Fig. 1).

Nozzles

Two nozzles with markedly different design and flow char-
acteristics are used in this study and the primary nozzle is
referred to as Nozzle I. Nozzle I is manufactured by BETE,
Inc. (model XA-PR150-B) for combustion and materials pro-
cessing applications. It accepts air alone or air plus a liquid.
The diameter of the nozzle is D = 1 mm. Under normal op-
erating conditions the pressure drop across this nozzle is suf-
ficiently high to produce near sonic velocity at the nozzle’s
exit plane.

The secondary nozzle is a research-quality flow nozzle man-
ufactured by DISA (now DANTEC), designed for the calibra-
tion of hot-wire anemometers (model 55D45 nozzle package
with 55D44 pressure control unit). The diameter of this nozzle,
referred to as Nozzle II, is D = 3.91 mm. The flow in the
nozzle is incompressible and can be approximated as isentro-
pic; however, flow becomes fully turbulent at 10 nozzle di-
ameters downstream.

Instrumentation

The temperature-measuring device consists of an HP-3852A
data acquisition/control unit that includes a voltmeter with bet-
ter than 1-uV resolution and a 44708F multiplexer. The tem-
peratures of the copper test model and ambient fluid are
measured using 30-gauge copper/constantan thermocouples.
This instrument interfaces via IEEE-488 cables to a personal
computer that serves as the controller. The calibration of the
thermocouple and data acquisition system is checked routinely.

The velocity-measuring instrument is a Dantec three-channel
hot-wire anemometer system. However, the bulk of the veloc-
ity data was gathered using a single-wire, 5-um probe. The
velocities were measured without the test model in the plane
of impingement at z/D equal to that for the plate during the
heat transfer test. This provides the most relevant information
for studying the stagnation flow and comparing the results with
the data reported in the literature. This scheme is routinely
used by other investigators (see Ref. 4, p. 1336 and Ref. 10,
p. 1235). The probe was mounted on the traversing mecha-
nism, instead of the copper disk shown in Fig. 1, and the axial
component of velocity was measured in radial or axial direc-
tions in the jet. Before using the constant temperature ane-
mometer (CTA), velocity vs voltage variations at the exit plane
of the calibration nozzle were measured and fed to the Dantec
software.

Velocity Characteristics of Nozzles

The velocity from each nozzle is expected to vary radially
from the center of the jet and axially in the direction of flow.
The variation of the temporal mean of axial velocity, u,, and
root mean square of its fluctuating velocity component ' in
the radial direction were studied and data are presented in Figs.
2 and 3. Figures 2 and 3 describe the nature of flow and tur-
bulence for the two nozzles. Figure 2 shows that the mean
velocity of Nozzle I suffers little change within the first 5 mm
along the radial direction and velocity 20 mm from the center
of the spray is about 30% less than the maximum velocity at
r = 0. In contrast, the mean velocity of Nozzle II reduces from
about 12 m/s at r = 0 to 4 m/s at a distance of only 4 mm
(Fig. 3). The value of u’ for both nozzles shows little depen-
dence on the radial coordinate, a prerequisite condition for
selecting these nozzles. The changes in the value of the tur-
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Fig. 2 Radial variation of u,, u', and turbulence for Nozzle 1.
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bulent intensity u'/u,, are attributed to the changes in the values
of the mean velocity u,.

The values of u, and u’ at the center of the jet are chosen
as reference quantities in subsequent studies. The measurement
of u' is repeated five times for each pressure drop and the
results are summarized in Table 1 for Nozzle I and Table 2 for
Nozzle II. For each test, approximately 8000 samples are taken
at a sample rate of 0.5 kHz. This results in sample time inter-
vals of nearly 16 s. Each five-set entry shown in Tables 1 and
2 exhibits consistent results, thereby verifying the accuracy of
the sample rate. The variations of u,, and «’ for different nozzle
inlet gauge pressures are also given in Tables 1 and 2. The
velocity measurements for Nozzle I are at two axial distances
from the nozzle-exit plane, z/D = 300 and 400. Notice that u’
and u,, in Table 1 increase at the same rate as the inlet pressure
increases, indicating that the ratio of u'/u,, remains nearly con-
stant. A similar behavior is observed in Table 2 for Nozzle II.
However, the ratio u’/u,, slightly increases as the pressure in-
creases. Accordingly, inlet pressures of the nozzles are
changed to alter the value of #' and to study the dependence
of honu'

16 L B N LN L L L L 64

® Ap=0.249 Pa (25.4 mm H;0), zZD =10] 7

s Regression 7

- ® B
12+ —448
- L 4
g f 1 &
<t 1 ¥
38— 432 g
S 1 &
g n 4 =
: = -
4+ —16
0_.1...11--.-|“.11111||._0

0 1 2 3

Radial Coordinate, mm

4

Fig. 3 Radial variation u,,, #’, and turbulence for Nozzle II.
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Heat Transfer Coefficient Measurement

A Hewlett-Packard data acquisition System collects temper-
ature and time data. Fifty data points are collected in 15 s.
This procedure is repeated 10 times at the same nozzle inlet
pressure, for a range of initial temperatures typically between
80-120°C. Data is collected for different nozzle inlet pressures
for both nozzles. Assuming that the heat transfer coefficient
and thermophysical properties are constant within a narrow
range of temperature, the heat transfer coefficient is related to
temperature by the relation

h = (mc,/At)€n[6:/6(1)] )]
where ¢ is the elapsed time, 6(t) = T(t) — T,, 6, = 6(0), m is
the mass of solid, ¢, is the specific heat of solid, and A is the
exposed area of the copper disk. When ¢ is small this equation
yields A values with large errors. Collecting data over a lengthy
time period is avoided because the changes in temperature can
adversely affect the thermophysical properties. An uncertainty
analysis can identify the time corresponding to acceptably ac-
curate estimates of the heat transfer coefficient within a short
time period.

The method first proposed by Kline and McClintock’ is used
here in determining the magnitude of uncertainty associated
with the measurements of A for the present experiments. Es-
tablished guidelines are adopted to categorize the type of ex-
perimental error as either bias or precision errors. The bias
error is an estimate of the magnitude of the fixed, constant
error due to limitation of instrumentation. The precision error
is a measure of the repeatability of the data and is expressed
in terms of the standard deviation s of the data.

The uncertainty in % due to bias error is dominated by the
uncertainty in temperature measurements. The heat transfer
model chosen for the present experiments is highly sensitive
to the accuracy of the temperature measurements. The bias
error of parameter A is B, and it is defined using Ref. 7 and
Eq. (1) as

Bylh = [1/€n(6,/0)]V (Bo/6)* + (Bs,/6))° 2)

Table 1 Average centerline velocities u,, and u’ for z/D = 300 and 400, and different values
of inlet pressure, Nozzle 1

z/D 300 400
Ap, kPa 207 276 345 414 207 276 345 414 483
Uy, M/s 8.20 9.89 11.20 12.63 6.03 7.26 8.25 9.10 10.13
u', m/s
Run 1 2.02 247 2.79 3.12 1.62 1.82 213 2.31 2.55
Run 2 2.04 247 2.78 3.11 1.50 1.82 2.11 2.39 2.52
Run 3 2.08 244 2.78 3.13 1.57 1.83 2.11 232 252
Run 4 2.05 247 2.79 3.09 1.54 1.85 2.11 2.37 2.57
Run § 2.01 244 2.78 3.05 1.53 1.84 2.12 2.37 2.51
Upy, TS 2.04 246 2.78 3.10 1.55 1.83 2.12 2.35 2.53
s, m/s 0.020 0.014 0.005 0.024 0.046 0.010 0.007 0.030 0.021
Table 2 Average centerline velocities® u,, and u’ for z/D = 10 and different values
of inlet pressure, Nozzle IT
AH, mm 10.2 15.2 20.3 254 30.5 35.6 40.6 45.7
U,, m/s 8.40 9.77 10.55 11.98 12.89 13.68 14.41 15.23
u', m/s
Run 1 1.69 1.83 2.16 2.29 2.74 3.16 3.14 3.18
Run 2 1.77 1.87 213 243 274 3.05 3.10 332
Run 3 1.71 1.88 2.14 243 2.81 3.07 3.25 321
Run 4 1.70 1.83 2.06 245 2.5 3.16 3.17 3.31
Run 5 1.71 1.87 2.17 2.29 2.84 3.08 3.14 3.33
Uqy, TS 1.72 1.86 2.13 2.38 2.78 3.10 3.16 3.27
s, m/s 0.022 0.021 0.030 0.070 0.039 0.045 0.040 0.060

*Nozzle exit velocity is u, = 4.05VAH.
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where the bias limits, B, and By, express the limits of accuracy
in the temperature measurements. For the present experiments,
the bias limit due to instruments is estimated to be 0.1°C for
6 and 6. Figure 4 shows a sample of typical temperature and
heat transfer data. The bias error B,/h is plotted for 6, = 20,
40, and 80 K in Fig. 5. Figure 5 shows that the bias errors
B,/h are sensitive to both the relative magnitude of the bias
error and to the relative magnitude of temperature. At 6; = 80
K the bias (or instrumentation) error on the heat transfer co-
efficient B,/h rapidly becomes small for 0.95 < 6/6;, < 0.99.
When 6; is reduced to 20 K, the bias error for this range in-
creases to above 8%. For this reason, much of the data reported
here are for 6, in the vicinity of 80 K. The large scatter in &
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Fig. 4 Sample temperature and heat transfer data for one run.
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for relatively small values of time (Fig. 4) reflects the high
levels of bias error.

To characterize the precision of the experiments it is nec-
essary to consider the precision within each run and the pre-
cision between the repeat runs. Based on the data shown in
Fig. 5, the precision within each run is best represented by
ignoring the first 10 data points. The large bias error incurred
in the initial few data points strongly affects the standard de-
viation of the data and is not representative of the precision
of the experiment. As an example, k is calculated using the
data in Fig. 4 and is also plotted in Fig. 4. The standard de-
viation for all 50 heat transfer coefficient data points is 6% of
the mean; however, by ignoring the first 10 data points in Fig.
4 the standard deviation is reduced to 1% of the mean. Ac-
cordingly, a measured A reported for a run is an average of the
remaining 40 data points. The precision between the repeated
runs is determined later. Figure 4 shows that the 6 values
change between a narrow range of 0.996, and 0.9586;; therefore,
the mean wall temperature for subsequent computations is
0.976,.

The contribution of thermal radiation to the measured heat
transfer coefficient data is small. A typical emittance for stably
oxidized copper surface is € = 0.5 (see Ref. 8). The radiation
effect reduces the value of # by the quantity £ [(0.976, + T,)*
— T31/0.976; the surrounding temperature is chosen equal to
T, = 297 K and average wall temperature as T,, = 0.976, + T,.
The estimated correction of radiation effect for the measured
h values varies from 4.8 W/m> K for 6, = 100 K and % >
130-3.0 W/m*-K for 6, = 0 K and & > 100 W/m?-K; hence,
25% variation in & produces an error less than 1% on hA.

Results

The measured values of the heat transfer coefficient for Noz-
zle 1 at different nozzle inlet pressures are given in Table 3.
Each entry is an average of forty values for A. The upper
portion of the table is for z/D = 300 and the lower portion is
for z/D = 400. Ten sets of heat transfer data are given for each
combination of z/D values and inlet pressure of the nozzle.
Each data set consists of a temperature value 6; and h. Also,
data for Nozzle II, when z/D = 10, are in Table 4. The mea-
sured values of the heat transfer coefficient are for eight dif-
ferent inlet pressures and there are 10 temperature and heat
transfer values for each inlet pressure.

The main purpose of this study is to establish a relationship
between k and u'. To establish this relationship for Nozzle I a

Table 3 Heat transfer coefficient # and temperature 8, for z/D = 300 and 400, and different
values of inlet pressures, Nozzle I

Ap, kPa 207 276 345 414 483

z/D 6; h 0; h 6; h o; h 6 h

300 66.1 113 59.0 128 67.7 135 41.5 133 —_ _
69.2 116 66.3 124 704 145 55.0 137 —_— —_
714 113 724 132 719 147 60.7 142 —_ _
75.6 113 72.7 128 739 137 659 142 —_— _—
71.7 118 74.2 130 78.2 140 67.2 142 —_ R
82.8 116 78.2 138 82,0 146 68.2 143 _ _—
84.5 119 78.5 133 824 149 75.2 143 —_— —
89.9 120 80.6 139 844 147 82.2 144 —_— —_
94.8 126 81.0 139 88.5 149 97.3 151 —_ _
97.8 129 82.7 139 90.8 | 155 108.1 159 —_— —_

400 64.1 87 78.5 112 73.2 108 79.4 118 50.8 116
67.8 101 79.1 102 82.0 117 80.6 124 61.2 121
68.2 97 794 107 83.0 112 83.9 115 69.1 122
71.0 102 79.6 105 85.1 118 84.8 114 717 123
74.1 101 81.1 106 85.9 116 85.8 122 719 128
82.6 100 84.8 108 89.0 120 87.7 132 80.5 131
83.7 94 87.3 103 89.3 118 87.7 128 81.6 141
83.9 101 88.6 107 92.1 116 90.2 124 84.4 133
84.0 96 90.2 106 94.3 123 914 123 85.9 135
86.3 100 91.4 115 99.2 122 92.9 131 87.2 135
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Table 4 Heat transfer coefficient h and temperature 6, for z/D = 10 and different values of inlet pressures, Nozzle II

AH, mm 10.2 15.2 203 254 30.5 35.6 40.6 45.7
Run 6 h 0; h [ h 0; h 6; h 6; h 6; h 6; h
1 76.9 114 70.7 116 65.2 121 75.6 134 75.0 141 74.6 147 79.8 169 71.7 159
2 77.0 108 77.9 118 71.1 125 78.6 142 75.6 139 75.1 146 80.1 168 78.5 175
3 77.2 132 81.0 121 73.9 122 81.7 146 78.2 144 82.0 157 80.8 170 78.7 170
4 77.3 119 81.1 123 80.7 125 81.9 142 81.0 148 82.1 154 81.3 173 80.6 169
5 78.6 112 81.8 117 83.7 133 82.7 145 82.1 150 84.2 157 84.0 158 82.0 172
6 79.9 117 83.2 124 84.8 138 834 144 83.0 152 85.8 157 89.1 172 83.6 168
7 80.8 111 86.6 126 85.5 138 85.3 142 84.1 151 88.2 164 91.2 172 84.6 174
8 81.1 112 93.8 128 90.1 141 89.2 155 86.0 149 88.6 164 92.9 167 854 171
9 87.9 114 94.9 133 92.1 137 89.8 149 86.2 154 89.2 159 94.7 166 86.4 171
10 100.3 125 95.4 128 94.1 129 933 147 94.6 158 90.3 160 95.6 168 87.7 174
Table 5 Summary of temperature and velocity data for Nozzle I
Up, u', 6, h(s, N), 6o, h(s, N),
z/D m/s m/s K W/m?-K K W/m*- K
300 8.20 2.04 80.1 112(1.9, 4) 81.0 114(4.0, 10)
9.89 246 80.2 133(1.8, 4) 74.6 129(4.5, 10)
11.20 2.78 80.2 139(4.2, 5) 79.0 141(4.5, 10)
12.63 3.10 80.7 141(2.7, 4) 727 139(4.4, 10)
400 6.03 1.55 79.9 99(2.6, 6) 76.6 98(3.5, 10)
7.26 1.83 80.4 106(2.3, 6) 84.0 107(2.8, 10)
8.25 2,12 81.8 110(3.3, 5) - 873 112(3.1, 10)
9.10 235 81.2 117(4.6, 6) 86.4 119(4.7, 10)
10.13 253 80.4 127(4.6, 5) 75.6 124(6.3, 10)
Table 6 Summary of temperature and velocity data for Nozzle IT 200 T T T T T T T T T T T T
U, ul, 00’ h(S, N), 00, h(S, N), E A Nozzle I.Z/Df300 . E
m/s m/s K . Wim?*-K K Win-K E | O NocdoTiodD i 30 ]
150 | |— Regression, h = 44+35v’ - . ]
8.40 1.72 80.1 109(2.0, 4) 81.7 112(5.4, 10) E |---- £ 9% deviation - 3
9.77 1.86 80.4 115(2.2, 4) 84.6 119(4.3, 10) M E ]
10.55 2.13 80.8 125(5.9, 4) 82.1 126(6.4, 10) o F 3
1198 238 806  13828,6) 842 14037, 10) E100f X x> E
12.89 2.78 80.7 143(3.8, 6) 82.6 144(4.4, 10) B EXe -~ 3
13.68 3.10 79.6 147(4.5, 5) 84.0 158(1.4, 10) = E .
1441 3.16 80.5 166(1.5, 4) 86.9 164(2.9, 10) 2 3
15.23 3.27 80.7 166(2.2, 5) 81.9 166(3.0, 10) 50 + Fig 3 nRef. 4 Nomle @) | 3
F ¢ Fig. 3 in Ref. 4, Nozzle (b) 3
5 X Cylinder, Ref. 10, D=0.114 m E
summary of velocity data from Table 1 and heat transfer data 0 b o L L L L
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

from Table 3 are included in Table 5. Columns 5 and 7 in
Table 5 contain the heat transfer coefficients A(s, N), where N
is the number of data points averaged. The entries in column
5 are average values of 4—6 heat transfer entries from Table
3 and N stands for the number of 6; values that are as close
as possible to 80 K. The entries in column 7, Table 5, are
average values of all 10 repeated data points in Table 3. This
strategy improves the precision of the measured data. For a
given value of u,, the difference between the entries in columns
5 and 7 in Table 5 is less than 3%. A summary of velocity
data for Nozzle II from Table 2 and heat transfer data from
Table 4 are included in Table 6.

Discussion and Remarks

Figure 6 shows the variation of the heat transfer coefficient
with u' from Table 5. The data plotted are for mean 6, values
equal to ~80 K. Also, Fig. 6 contains data imported from Fig.
3 of Ref. 4 (Nozzles a and b). The turbulence intensity for the
imported data is larger than 8%. The data are enveloped be-
tween two lines designated by dash lines. The two dash lines
are *9% from the mean value of

h =44 + 354 3)

shown by a solid line. The data for Nozzle II from Table 6
are also plotted in the same figure. They correlate well with
other data within =9%. The data show no trend to imply a
significant change in the average heat transfer coefficient. It is

v, m/s
Fig. 6 Relationship between % and u’, when 6, = 80 K.

of interest to compare the results with measured stagnation
point data for a cylinder in cross flow. Reference 4 shows that
the heat transfer data from different investigators vary sub-
stantially; Kestin and Wood® data are the highest while Lowery
and Vachon' data are in the midrange. A set of data from Ref.
10 is included in this figure., Note that when »' — 0, h ap-
proaches the heat transfer coefficient for laminar flow A,, and
when Tu becomes large their data merge with other data. The
data of Ref. 9 have much larger values of hg; however, they
have low Tu and are not included in Fig. 6.

The data in Fig. 6 clearly agree with the spirit of the theory
set forth by Maciejewski and Moffat.! Their theory clearly
agrees with established boundary-layer theories that the sum
of the local values for laminar and turbulent heat flux approx-
imates the wall heat flux; turbulent heat flux dominates when
freestream turbulence is high. Note that for stagnation flow,
the laminar component of local heat flux dominates until the
turbulence is over ~8%; therefore, Eq. (3) approximates the
locus of & vs u’ values as the turbulence increases.

An examination of heat transfer data in Tables 3 and 4 re-
veals a slight increase in the heat transfer coefficient as tem-
perature increases. To study this effect, the entries in Table 3
were reproduced for lower values of 6, and presented in Table
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Table 7 Heat transfer coefficient # and temperature 6; for z/D = 300 and 400, and different
values of inlet pressures, Nozzle I
Ap, kPa 207 276 345 414 483
z/ID 6 h 0; h o h 6; h 6; h
300 18.0 112 129 125 12.7 123 184 139 _— ——
199 113 13.2 131 13.2 122 21.8 136 —_ _
219 105 13.8 127 13.7 138 23.1 142 —— —
244 110 14.7 134 15.1 122 27.2 143 _ _
279 108 15.1 124 154 125 27.6 138 —_— —_—
31.7 111 15.1 128 15.7 128 31.2 148 — —
35.8 114 15.5 126 17.2 134 354 147 _ B
479 113 17.0 128 17.8 133 36.9 157 o e
47.9 113 17.2 134 21.8 135 39.9 137 —— e
54.2 118 17.6 132 25.8 140 45.5 137 —_— —_—
400 254 87.2 28.8 934 21.1 122 242 109 14.3 124
26.5 954 35.2 100 23.7 116 26.9 109 16.1 125
27.6 92.1 359 99.3 25.8 110 31.1 110 18.6 139
28.6 925 39.5 96.4 28.7 110 34.5 114 19.3 114
304 89.9 39.5 102 28.8 107 39.6 115 21.8 114
31.2 91.7 434 101 31.8 112 444 115 24.3 116
33.7 939 43.8 102 32.1 106 46.2 113 27.6 114
34.1 94.3 48.9 104 35.0 111 494 117 28.6 129
373 96.5 49.0 101 36.1 112 56.7 117 309 120
37.8 976 544 105 40.8 114 65.9 122 45.2 137
100lll||IlII|IIII|IIII' 40_'1"lr"‘[""l""'r__
| A Nozzlel, zD =300 ] " i ]
(1 0 Nogdo T aD =10 £10% Error_3 s | .
75| + Ref.4,Nozzlesaand b - » -
v L | X Cylinder, Ref. 10, D=0.114 m J - ]
« - et T & 30F .
g i PEANS W S o ]
E sof Beo: »"‘"" ; ] % T T R l60-00 ]
F S et ] e ;
",:: i ,:[P - ] EQ [ (e) ]
< 25F ﬁf‘ . 2oF x = ]
F o — - C 8 |— Martin, Ref. 3 ]
B )2( l ...... Maciejewski and Moffat! 1: 15 X Table 6, first data set |
o data with error bars. O Table 6, second data set|]
Y M AT I Y DA T U B B - + All data, Nozzle II ]
0 1 2 3 4 ] Oy v e ROYERSERTS Io
, 2000 3000 4000 5000 6000
', m/s
Rep = pu D/

Fig.7 Comparison of h — h, vs u’ for stagnation flow data with
results from Refs. 1, 4, and 10.

7. The temperature-dependent thermal conductivity and in-
crease in radiant heat flux are primary contributors to this in-
crease in the heat transfer coefficient as 6; increases. To correct
data in Tables 3, 4, and 7, they were plotted (not shown) vs
T./T,. A least-squares curve fitting showed that, for any value
of u', h is related to (T,,/T,)", where temperature is in degrees
Kelvin and n has the average value of n = 0.5. As discussed
earlier, for the range of 8, between 0—100 K, approximately
1.8 W/m*-K is the contribution of thermal radiation and the
remainder is attributed to the temperature-dependent thermo-
physical properties. Tables 3 and 7 contain 20 heat transfer
data for each set of ' and z/D values. All 20 data are corrected
for the temperature effect, averaged, then reduced by a value
of h,. To demonstrate the trends of data and for ease of com-
parison, Fig. 7 contains one entry for each value of u'. Figure
7 shows the value of  — h, plotted vs u’, where h, is a
reference heat transfer coefficient representing the average heat
transfer coefficient for laminar flow over the test model. The
value of A, is predicted using Egs. (10—19) in Ref. 11 as

hodlk = 0.76\/ 2(undfv)"Pr°* @)

To study any radial effect, the process is repeated for Nozzle
11, except each of the corresponding data in Fig. 7 is an average
of 10 entries from Table 4. The data for Nozzle II agree well

Fig. 8 Nusselt number as a function of the Reynolds number for
Nozzle II and a comparison with the correlation of Martin.’

with those for Nozzle I and the agreement is better than that
observed in Fig. 6. This clearly confirms that there is no de-
tectable spatial variation of the heat transfer coefficient for the
primary nozzle, Nozzle I. The dot—dash line in Fig. 7 repre-
sents an average value for the data in Fig. 4 of Ref. 1. The
dash line in Fig. 7 is a continuation of the dot—dash line. The
dash line is an excellent representation of the heat transfer
coefficient for stagnation flow when turbulence is high. The
plus symbols in the same figure are discrete data points for
flow perpendicular to a flat plate, imported from Fig. 3 in Ref.
4. Also, data for a cylinder in crossflow (Ref. 10) are plotted
in Fig. 7. The values of h, for data from Refs. 4 and 10 are
calculated as recommended in these references. At small val-
ues of u’, the heat transfer coefficient for the cylinder shows
a rapid increase and it assumes values higher than the dot—
dash line. However, as the freestream turbulence increases, the
cylinder data join the other data.

The stagnation flow Stanton number St' = h/pc,u’ for heat
transfer from a flat wall to a jet of air normal to that surface
is

St' ~ Sty = 0.018 (5)
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presented in Ref. 1 for high turbulence flow. The subscript
15 refers to a dimensionless distance y* = 15 where u’' was
obtained.

According to Ref. 1 and earlier discussion, correlation of
experimental heat transfer data for the same Reynolds number
while ignoring variation of ¥’ may show large discrepancies.
Accordingly, it is of interest to compare the experimental data
presented in this article with other published work and to de-
tect any discrepancy. The data for Nozzle II are suitable for
such a comparison. The data for Nozzle II and a correlation
presented by Martin®

D 1 — 11D/
= = PrOR oS
Nup =2 <r> [1 + 0.1z/D — 6)D/r] v Rep
Re%SS 05
(145 o

are plotted in Fig. 8. This equation is valid for the range of

2 X 10° =< Rep, < 4 X 10°, 25<rD =175

2=zZD=<12

The solid line in Fig. 8 represents Eq. (7). The discrete data
points in the main portion of Fig. 8 are taken from Table 6.
The discrete data vary slightly, indicating the effect of preci-
sion errors. The data in the inset of Fig. 8 are the raw data
taken from Table 4. They occupy a wider error band due to
both bias and precision errors. The experimental data exhibit
the same trend as the solid line, but they are slightly lower.
This is not surprising because Nozzle II is part of a precision
instrument designed to calibrate hot-wire anemometer probes
and, for the same aspect ratios defined in Eq. (7), should pro-
duce smoother flow and lower u’ than a typical nozzle.

Conclusions

Researchers studying impinging flow have traditionally put
forth the correlation of the Nusselt number in terms of the
Reynolds and Prandtl numbers. Often, the persistent discrep-
ancies between results are attributed to the differences in tur-
bulent intensity in the flowfields. The study reported here con-
firms the assertion by Maciejewski and Moffat' that 4 is a
strong linear function of «’. This is particularly important be-
cause the data from Ref. 1 are for local values of the heat
transfer coefficient over a flat plate of a much larger scale. In

contrast, the data reported here show that u’ directly influences
the heat transfer from the wall and this relation is linear for
the range of u’ studied. The heat transfer coefficient, however,
will not increase indefinitely. At higher values of ', the heat
transfer coefficient should reach an asymptotic upper limit.
This saturation effect was observed at a fixed value of (u'/
m)\/R_e = 40 in Refs. 4, 9, and 10. Aside from questions
associated with the dependence of this quantity on the size of
a test model, it is likely that a saturation of heat flux across
the laminar sublayer can occur. An exponential line fitted
through the data, dotted line in Fig. 7, is the best fit curve and
it exhibits the onset of some saturation effect; however, more
data are needed to draw a definitive conclusion. All data are
within £10% of the dotted line, which reduces the deviation
of measured & to within £5%.
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