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correspond to the cases of the model surface temperature rise
equal to or less than 10° C without correction, the triangles
refer to cases of temperature increments in the range of 40° to
75° C without correction, and the squares refer to the same
cases with correction.

It is evident from the previous discussion that, for tempera-
ture increments up to 75°C, the proposed correction circuit
works very well. It is expected that it will also work satisfac-
torily for temperature increments up to 150° C or more.
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Velocity Defect Laws for Transpired
Turbulent Boundary Layers

H. S. MICKLEY,* K. A. SMITH, t AND M. D.
Massachusetts Institute of Technology,

Cambridge, Mass.

IN earlier articles4' 5 the present authors have proposed a
" velocity defect law" for the transpired turbulent bound-

ary layer with dp/dx = 0:

(U, - U)/UT* = /Q//5) (1)

and a "velocity defect law77

2UT (/j;0C7i \1/2

UT* is the friction velocity based upon the shear stress at
the inner edge of the outer flow.

Recently, Stevenson7'8 has proposed a "law of the wall"

(2)

T ) ®

UT is the friction velocity based upon the wall shear stress.
Stevenson showed that his experimental data, measured for
axisymmetric flow with dp/dx = 0, v0 = const, followed
Eqs. (2) and (3). He also found that the data of Mickley
and Davis,3 which was for a plane flow, fit his relations, al-
though the plane-flow results differed moderately from the
axisymmetric flow data. The question that immediately
arises is: Are the two defect laws represented by Eqs. (1)
and (3) compatible?

In Figs. 1 and 2, new data2 obtained in the authors7 labora-
tory with plane flow, dp/dx = 0, Ui = 25 fps, and VQ/UI =

Received November 16, 1964. The authors are grateful for
the financial assistance provided by the National Science Foun-
dation and for the use of the facilities at the Massachusetts
Institute of Technology Computation Center.

* Ford Professor of Engineering.
t Assistant Professor of Chemical Engineering.
t Research Assistant, Department of Chemical Engineering.

-«tf
*t.

/«/ ^
"4-f

" .00/40 ?Z7

A .OOI3S IZI3-

Cl .oolZ7 S'S'/O

• .oo/ZJ /7?O

O .oo//7 2Z/0

• .00//3 263O

\

.06 .o& 0.1 0.6 0.& /.o

Fig. 1 Experimental confirmation of the UT* form of the
velocity defect relation, dp/dx = 0, variable t?o.

0.00266/z0-2 (x in inches) are plotted in the form of Eq. (1)
(Fig. 1) and Eq. (3) (Fig. 2). Universal curves are obtained
for both correlations. The data of Ref. 3 for dp/dx = 0,
v0 = const were also found to fall on the curves of Figs. 1
and 2. As a further check, Eqs. (2) and (3) were used in
conjunction with the boundary-layer equations to calculate
local shear stress as a function of y/d for arbitrary positive
values of vQ/Ui. The shear-stress profiles exhibited the
expected broad maximum near y/d •= 0.1, and UT* = (rmax/
p)1/2 was used to represent the friction velocity at the inner
edge of the outer flow. A smooth curve through the data
of Fig. 2 and representing Eq. (3) could then be converted
to the form of Eq. (1) for arbitrary values of VQ/UI. Up to
the largest value of vQ/Ui tested (vQ/Ui = 0.005), a smooth
curve through the data of Fig. 2 was transformed to a smooth
curve through the data of Fig. 1.

In Fig. 3, a relation between UT* and UTis shown. This re-
lation is based upon the authors7 data, previous data,1* 6

and calculations of UT* made using Eqs. (2) and (3) as dis-
cussed previously. For dp/dx = 0, the ratio of UT*/UT is
determined by local conditions at the wall with vQUi/UT

2 as
the governing parameter. From this result it follows that
a defect law of the form

- V)/Ur = (4)

will be followed when vQUi/UT
2 is constant, because then

UT*/UT will be constant.
It is concluded that, for transpired turbulent boundary

layers with dp/dx = 0 and ^o varying smoothly with x, the
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Fig. 2 Experimental confirmation of Stevenson's form of

the velocity defect relation, dp/dx = 0, variable VQ.
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Fig. 3 Relation between Ur* and UT for transpiration,
dp/dx = 0.

defect laws represented by Eqs. (1) and (3) are both valid.
However, as Figs. 1 and 2 demonstrate, the two correlations
are not identical: at the same value of y/d, the ordinate of
Fig. 1 is about 6% greater than the ordinate of Fig. 2. Al-
though the data are subject to uncertainties of this magni-
tude, the difference between the two correlations is believed
significant. The theory behind Eq. (1) is that, for dp/dx = 0,
the outer portions of transpired and untranspired boundary
layers have the same velocity defect law if the shear stress
at the inner edge of the outer portion is used to form the scale
friction velocity. This shear stress is approximated by the
maximum shear stress for positive values of VQ but is some-
what less than the maximum for the untranspired layer.
Data taken in the authors' laboratory for dp/dx = VQ = 0
fall on Fig. 2. If UT* is taken equal to UT, the data fall ap-
proximately 6% below Fig. 1. However, if [7r* is evaluated
from the local shear stress at y/d = 0.1, the data follow Fig. 1.

Stevenson's approach is a major contribution, and for
practical calculations is simpler than Eq. (1). However, the
implications of Eq. (1) are significant. It is additional evi-
dence of the validity of Clauser's concept that the outer
flow of a turbulent boundary layer is a relatively simple
region that rides on top of a variable "viscosity" substrate.
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Drag Coefficients of Particles in
Gas-Particle Flow

C. F. CHEN*
Rutgers University, New Brunswick, N. J.

THE use of metallized propellents in rocket engines has re-
sulted in the presence of condensed metal oxides in the

form of fine dust particles in the exhaust gas. Since the flow in
the nozzle is continuously accelerating, and the exchange of
momentum and energy between the gas and solid phases take
place in finite time, nonequilibrium phenomena set in. To
account for these nonequilibrium phenomena, either in a
shock wave2?3 or in a nozzle,4 the drag and heat-transfer co-
efficients of the particles must be known. There has been some
evidence3 that, in a flow past a normal shock, the effect of the
uncertainties in the heat-transfer coefficient is not as im-
portant as those produced by the drag coefficient.

There have been many measurements of the particle drag
coefficients.1;5 The most recent one was carried out by
Rudinger.5 He found that, for 29 p, particles,

CD = 6000 Re'1-7 50 < Re < 300

The measurement was carried out in a shock tube; the motion
of the particles induced by passage of the shock was recorded
by streak photography. This drag coefficient has a much
steeper slope with respect to the Reynolds number than the
drag coefficients used heretofore. These include the Stokes'
formula (24Be~1), the data obtained for a steady flow past a
sphere (0.48 -+- 28 Re~°-85), and that measured by Ingebo6

(27Re~s-4). An independent measurement using a method
different from any of these cited in the foregoing seems to be
desirable.

In this note, we shall propose a steady-state method for the
measurement of particle drag coefficient in a supersonic flow
of gas-particle stream. Essentially, this method consists of
impinging a supersonic stream of gas-particle flow onto a
wedge. The relaxation process behind the oblique shock wave
will enable us to determine the drag coefficient of the particles.
Morgenthaler7 has used this method to determine the charac-
teristics of the gas-particle flow exhausting from a nozzle.

If we neglect the partial pressure of the solid phase, the
equation of motion of the particle phase is

\(Dqs/Dt) = |CW8
2p(q - q.) q - q, (D

in which X is the mass of the particles, q is the velocity vector
(subscript s refers to the solid phase), CD is the drag coefficient,
p is the density of the gas phase, and rs is the radius of the solid
particles.

If we make the reasonable assumption that the particles do
not relax when traversing through the shock wave proper,
then the initial relative velocity between the two phases right
after the shock is normal to the shock wave. Since the force
acting between the two phases is in the direction of the rela-
tive velocity, then the deceleration of the particle phase and
the acceleration of the gas phase will take place in the direction
normal to this shock wave. If we take a coordinate system
for which x is normal and y is parallel to the shock wave and
write the ^-component of velocity u, then Eq. (1) becomes

\us(dus/dx) = — ^T

By rearrangement,

8 ps dus

3 p [(us/u)2 — 1] us dx

(2)

(3)
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