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Hot-wire anemometers, the chief tool in turbulence re- 
search, have had serious mechanical limitations for meas- 
urement in liquids. In 1955, a supported hot-film anemom- 
eter, based upon a previously known linear constant-tem- 
perature principle, was introduced by Ling and Hubbard 
(1) and subsequently improved by Ling ( 2 ,  3 ) .  The 
probe of this unit consisted of a 30 deg. glass wedge to 
which a 50 to 100 A. thick platinum film was fused. 

Despite these improvements, dBculties of probe sta- 
bility, presumably due to electrolysis and/or scale forma- 
tion, persisted in measurements of liquid turbulence. The 
problem of probe stability was overcome by the use of 
high purity distilled water throughout the system. Thereby 
extensive measurements could be made of mean velocity 
profiles, turbulence scales and intensities, and spectral 
energy distributions in a free water jet emerging into the 
bottom of an open tank. 

Measurements also were made in a free air jet for com- 
parison at the same exit Reynolds number (48,000). In 
contrast to most previous jet measurements, the jet exit 
profile obtained was not flat, but was that of fully devel- 
oped turbulent pipe flow. 

In air the root-mean-square velocity measurements with 
the hot-film unit were a factor of two to three low, possibly 
due to insufficient compensation for heat conducted into 
the glass backing. The bulk of the air data was therefore 
measured with a hot-wire anemometer. These problems of 
stability, compensation, and probe calibration were 
treated elsewhere (20)  *. 

The measurements divide naturally into those dealing 
with large- and small-scale turbulence characteristics of a 
free jet. In this work, the authors deal with the large-scale 
features such as mean velocity profiles, turbulent intensi- 
ties, Reynolds stresses, and integral scales. Small-scale 
characteristics, such as microscales and spectral energy 
distributions, will be treated separately. 

EXPERIMENTAL DATA 

All the data for air and water were taken at a Reynolds 
number of 48,000. Hence the exit velocities at  the center 

Mr. Rosler is with the United Technology Center, Sunnyvale, California. 

* More recently an analysis by W. G .  Rose (Am. SOC. Mech. Engrs. 
Pauer No. 62-WA:ll) of the corrections to the linearized resuonse of 
coxktant-temperature hot-wire anemometer to fluctuations in 'magnitude 
and direction of fluid velocity and in fluid temperature came to the 
attention of the authors. For the conditions in this work, the correction 
to the mean velocity is estimated to be of the order of 3% or less and 
to the turbulent intensity considerably less. This is less than the error 
in the determination of the mean readings of the meters. 
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Fig. 1. Diagram of experimental apparatus. 
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Fig. 2. Velocity distribution of issuing jet. 
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TABLE 1. 

r% UO 

C a/d (G ) (ft./sec) 

Corrsin ( 9 ) -5.3 -0.2 0.084 32.8 
Corrsin (10) 6.55 -0.2 0.084 65-115 

Hinze ( 1 1 )  published 6.39 +0.6 0.080 131 
{corrected 5.9 -0.5 0.086 131 

Polyakov (8) 6.54 0.086 

This work (air) 6.52 -0.8 0.086 259 
This work (water) 6.58 -0.9 0.080 12.2 

Taylor (12) 6.56 0 0.081 30-800 

of the pipe (0.38 in. I.D.) were 259 and 12.2 ft./sec. for 
air (77.O"F. 2 O.l"F.), respectively. A diagrammatic 
sketch of the apparatus is shown in Figure 1. 

Mean Velocit ies 

The mean water velocity proiile at  the jet exit, shown 
in Figure 2, agrees with measurements taken by Lee in 
fully developed water pipe flow at a Reynolds number of 
50,000 and is slightly flatter than the profile measured by 
Laufer (7) in air at  the same Reynolds number. 

Figure 3 shows a plot of the ratio of the maximum exit 
velocity to the axial mean velocity vs. diameters down- 
stream. A straight line is drawn through the air and water 
data points so that the reciprocal of the slope (A)  and 
the distance to the geometrical origin (a )  may be evalu- 
ated for use in the relation 

The values of A are 5.26 and 5.39 for air and water, re- 
spectively, and about -0.8 and -0.9 for a/d. 

Polyakov (8) investigated the dependence of jet propa- 
gation on the initial conditions. By assuming a constant 
angle of turbulent expansion and using ,the law of con- 
servation of momentum, he showed that 

A =  C / F  (2)  
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Fig. 3. M e a n  axiol velocity on je t  axis. 
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Fig. 4. Radial distribution of mean velocity. 

where C = 6.54 as determined from his experiments in 
air (with flat and step-function initial profiles) and F ,  the 
form factor, is 

where and Uo are ,the mean velocities a t  the jet exit 
at a radial distance r and at the center, respectively. The 
above is rearranged from Polyakov's original form (as is 
his constant, which was published as 7.38 dx). 

From our exit profiles, F is 1.24 and 1.22 for air and 
water, respectively, and the values for the constant C are 
6.52 and 6.58. This agrees with other published data, as 
shown in Table 1. 

Velocity distributions in axially symmetrical free jets were 
measured by other investigators (13 to 17). However, in 
most cases, impact tubes were used with no apparent 
correction for the turbulent velocity fluctuations. Data 
taken in this way measure not mean velocities but mo- 
mentum flux velocities. In a free jet with a turbulence level 

e Hot- Film Wedge (Water), U,,=l2.2 ft/sec 
Hot Wire (Air), U,; 259 ft/sec 

v Corrsin, Hot Wire (Air), U0=32.8 ft/sec 
x Corrsin, Hot Wire (Air), Uee 90 ft/sec 
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Fig. 5. Axial  distribution of turbulent intensity. 
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of 50%, the momentum flux velocity is 12% greater than 
the mean velocity. 

In addition to the authors’ data of U J F m  VS. x/d for 
air and water, Figure 3 shows the data of Hinze and Corr- 
sin. Corrsin’s data of 1943 are high and do not lie along 
a straight line beyond 15 diam. His data of 1949 are in 
excellent agreement, however, as may be seen from the 
table. 

Hinze and Van der Hegge Zijnen (11) appear to as- 
sume a positive value for a/d. This is not borne out by 
their data, replotted in Figure 3, which show a negative 
value for a/d. The serious implications of this discrepancy 
are seen in the plot of the mean profiles in Figure 4. The 
corrected plot deviates considerably from that shown in 
reference 11. The corrected line is so close to Corrsin’s 
data that both are shown by the same line. The dimension- 
less half-radius at which U / U ,  = 1/2 is given in the 
third column of Table 1. Hinze and Taylor both used im- 
pact tubes but corrected for the effect of turbulence with 
the data of Corrsin. Implicit in this is the assumption that 
their turbulence level was the same as that of Corrsin. 

The mean profiles for (z < 0.12 are described ade- 
quately by 

-- 

- 
U 

Um 
(4) - = e-ci& - 

where CI is 94 and 109 for air and water, respectively. 

Root-Mean-Square Velocities 
The axial distribution of turbulent intensity is shown in 

Figure 5 for air and water. The higher turbulent intensity 
of the water may be attributed to the motion induced by 
free surface waves. 

In Figure 6 the root-mean-square velocity profiles are 
given with lines drawn through the water data points. 
The profiles beyond 10 diam. are similar for (z > 0.10. 
However, similarity of the profile over the whole cross 
section is achieved probably somewhere beyond 30 diam. 
The agreement with Corrsin’s data is good. When allow- 
ances are made for the increase of turbulence level with 
free surface induced motion, mentioned previously, no 
noticeable effect (within the scatter of this type of meas- 
urement) of the kinematic viscosity on the turbulent in- 
tensity is found, as would be expected, 

Reynolds Stress 

When the mean velocity profiles are known, Reynolds 
stress (z) measurements may be checked independently 
by means of a momentum integral balance. With the 
momentum and continuity equations, discarding the small 
terms, and assuming similarity of profiles, one arrives at 
the following equation (18) : 
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Fig. 7. Reynolds stress distribution at x / d  = 20. 

With Equation 4, this may be integrated: 

The curve for this equation, drawn for both air and water 
in Figure 7, agrees well with data at x/d = 20." 

Profiles of the Reynolds stress in water from 7 to 30 
diam. downstream are shown in Figure 8 with the pre- 
dicted water profile. At 7 and 10 diam. the Reynolds 
stress builds toward its equilibrium profile, which appar- 
ently is reached at  15 diam. The data at 15, 20, and 30 
diam. agree well with the predicted profile. 

Integral Scale 
The macro or integral scale may be considered a meas- 

ure of the average eddy size (19) and is related to the 
longest connection, or correlation distance, between the 
velocities at two points of a flow field. The integral scale 
( L )  defined by Hinze (18) is 

?r 
L = -  lim Ei (k) 

2u'2 k-0 
( 7 )  

where k is the wave number and Ei(k) is the turbulent 
energy in one wave number interval at k. Spectral meas- 
urements were made throughout the jet and will be pre- 
sented elsewhere. The value of Ei (0) was selected as the 
maximum value of Ei (k) . This also was done by Laurence 
( 5 )  for his free jet measurements, which checked well 
with results from two-point measurements. 

The good agreement, shown in Figure 9, of the ratio of 
integral scale in air to jet exit diameter with the data of 
Corrsin ( 4 )  and Laurence ( 5 )  in jets of different diameter 
(1.0 and 3.5 in.) indicates that the integral scale is di- 
rectly proportional to the exit diameter and the exit pro- 
files (both Corrsin's and Laurence's were flat) have neg- 
ligible effect on the integral scale. 

The large effect of the free surface on the integral scale, 
shown in Figure 9, may be attributed to the fact that the 
free surface induces relatively slow, large-amplitude 
movements. 

THEORY 
Based upon conservation of momentum, a momentum 

flux balance will be made for two reasons. First, it 
will provide a relationship between the constant (C) as 
obtained from the axial mean velocity distribution and the 
constant ( C i )  used in the error function describing the 
radial mean velocity profile. Thereby, the consistency of 
the data will be checked. Second, it will SLOW the effect 

* Consin's data reproduced incorrectly by Hinze (18). are also 
shown. By private' communication, Hinze points out that unpublished 
data by Van der Hegge Ziinen show measured values of Reynolds stress 
to he lower than theoretical values. 

of the turbulent intensity upon the mean velocity profile. 
The momentum flux balance is given when the flux at any 
cross section is equated to that a t  the jet exit: 

U and Ue are the instantaneous velocities in the jet and at 
the jet exit, respectively; and P and Pe are the correspond- 
ing pressure excesses over the pressure at  infinity. 

Hinze (18) shows this pressure difference term to be 
equal to the negative radial intensity, -x Hence 

) d(T2) 

Theref ore 

where Frn is the maximum velocity at any cross section. 
Further 

where 

This definition of the form factor differs from the one 
given previously in Equation ( 3 )  in that the fluctuating 
components are included. In general, this contribution is 
negligible (less than 0.05% for the contribution due to 
pipe turbulence at  the jet exit). 

From Equation (11) 

This is essentially the equation given by Hinze and 
Van der Hegge Zijnen (11) except that they did not in- 
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Fig. 8. Reynolds stress distributions at various axial positions. 
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Fig. 9. Integral scale measurements along jet axis. 

clude t h e 7  term which accounts for the pressure varia- 
tion over a cross section of the jet. Since the authors did 

not m e a s u r e z  they estimated the value of sm d((9)  
O Urn2 

by determining the ratio of the radial to axial intensity 
integrated over the cross section. With Corrsin’s data (9), 
this ratio was found to be 0.563. Hence, from the mean 
and root-mean-square profiles as measured at 20 diam., 

CAir = - [ (57.4 + 5.6 - 3.15) ( 10-4)]-i/2 = 6.46 (14) 
1 
2 

1 
2 

Cwater = - [ (46.2 + 8.17 - 4.59) (10-4)]-1/2 = 7.09 

(15) 
It is interesting to note the good agreement of CAir as cal- 
culated from the axial (6.52) and the radial (6.46) pro- 
files. The agreement of Cwater is not as good (6.58 and 
7.09). However, the water data in Figure 3 could easily 
be represented by a line of smaller slope which would 
result in a value of C much closer to 7.09. Nevertheless, 
by introducing an extra mode of energy dissipation the 
free surface seems to have an effect on the water jet simi- 
lar to that of a partial shroud. 

A closer look at Equation (13), gives a better under- 
standing of the effect of the turbulent intensity and also 
of the conditions necessary for C to be a true constant. I t  
is a true constant only when both the mean and root- 
mean-square profiles are similar, and this implies that they 
are functions of (2 only. For the mean velocity this occurs 
at about 10 diam., but for the root-mean-square veloci 
it occurs somewhere beyond 30 diam. However, for a 1  
practical purposes C is a constant beyond 10 diam. be- 
cause the root-mean-square profiles make only a 4% to 
8% contribution to C and do not change by a great per- 
centage beyond 10 diam. 
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NOTATION 

a 
A 

C 
Ci 
d = jet exit diameter 
E i ( k )  = one-dimensional turbulent energy spectrum func- 

tion 
F 
k = wave number 
L = integral scale 
P 
T = radial distance 
ri/z = jet velocity half-radius 
u = axial velocity fluctuation 
U = instantaneous axial velocity 
Ue 
Uo 
v = radial velocity fluctuation 
x = axial distance 
p = density 

= distance to geometrical origin 
= reciprocal slope of axial mean velocity VS. diam- 

= similarity constant, Equation (2)  
= similarity constant, Equation (4) 

eters downstream 

= form factor, Equation (3)  

= excess pressure compared to conditions at infinity 

- 
= mean velocity at jet exit at r 
= mean velocity at jet exit at center 

t 2  = T / ( X  + a )  

Subscripts 
e = exit 
m = maximum (center line) 
o = exit center 

Superscripts 
- = time-average 

= root mean square 
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