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Stagnating Turbulent Flows

W. C. Strahle,* R. K. Sigman,t and W. L. Meyerij:
Georgia Institute of Technology, Atlanta, Georgia

An extension of the Lam-Bremhorst two-equation turbulence model to variable-density flows is described, and
the method is applied to two-dimensional, planar stagnation-point flows. In the course of this extension, it is found
necessary to develop a transport equation for temperature (density) fluctuations. The method is believed to correct
past deficiencies in the near-wall behavior of the turbulent field. While the method appears to work for the inner
viscous layer, it presents a formidable numerical problem in the solution of a two-point boundary-value problem
because of extreme sensitivity of the solution to the boundary values, uncharacteristic of more usual stagnation-
point problems. Comparison with stagnation-point heat-transfer data shows excellent agreement of theory and
experiment at sufficiently low laminar Reynolds number. At high Reynolds number, an effect of the stagnation
process in the nonviscous zone outside the boundary layer predicts an excessive effect of body size on the results,
although the agreement is still satisfactory.
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Nomenclature
= constants in Eqs. (3) and (6)
= length scale for nondimensionalization
= specific heat at constant pressure
= cylinder diameter
- dimensionless dissipation rate, c/(— J^)3

-- Tj-dependent function of the stream function
= functions in Eqs. (3), (4), and (6)
= dimensionless Favre-averaged temperature
= T" /T*- / *oo
-- dimensionless and Favre-averaged turbulent
kinetic energy, respectively

= integral length scale of turbulence
= turbulence grid mesh size
= pressure

molecular Prandtl number

dimensionless density,
Reynolds number based on cylinder diameter,

turbulent Reynolds number, P
laminar Reynolds number, p
turbulent Reynolds number, p
turbulent Reynolds number, p00c(—
temperature
dimensionless velocity in z th coordinate
direction, ^/(-KJ
velocity in / th coordinate direction
relative turbulent intensity in the freestream
of axial component of velocity in Ref . 2
dimensional or dimensionless coordinate
in i th direction
dimensionless coordinate perpendicular to wall
inviscid gradient of the parallel velocity
component at the stagnation point *a/(- V^)
Favre-averaged dissipation rate
normalized stretched boundary-layer coordinate
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Subscripts
0
oo
s

= molecular thermal conductivity
= molecular and turbulent viscosity, respectively
= constant in dissipation rate equation
= x
— density
= turbulent Prandtl number
= molecular viscous stress tensor
= stream function

= turbulence specification station
= freestream values
= edge of viscous layer

Superscripts
(~) = time average
( )' = differentiation
(~) = Favre average
( )" = Favre fluctuation

Introduction

STAGNATION-POINT heat transfer, when the approach
flow contains turbulence, is an important technical issue

in several applications. In chemical engineering, typical appli-
cations include heat transfer to boiler tubes and in catalyst
beds. In aerospace engineering, the impact of a combustor
discharge on the nozzle guide vanes in a gas turbine is a
typical application as is the flow near a reattachment point
behind a flame stabilization step in a ramjet combustor.
Analytically, stagnation-point solutions often provide a start
for downstream boundary-layer calculations and provide a
good estimate for the maximum heat transfer expected in a
given situation.

There have been many theoretical expositions of stag-
nation-point flows with embedded freestream turbulence, Refs.
1-5 among them. However, except for the work by Traci and
Wilcox,4 these expositions have been based on a zeroth-order
closure of the turbulence equations with an eddy-viscosity
model that cannot behave properly near the wall. In Ref. 4, a
two-equation model was used for the turbulence but, again,
the model does not behave properly near the wall, which
demands that the dissipation rate is finite but that the turbu-
lent kinetic energy rises as the second power of distance from
the wall.6 In the case of variable-density flows, none of the
above-mentioned expositions take account of the density
(temperature) fluctuations, so that no effective account is
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taken of the difference between mass-weighted (Favre) or
ordinary (Reynolds) time averages of flowfield quantities.

As apparently first pointed out by Jones and Launder,7
there is always a problem with usual two-equation models of
turbulence near a wall, even if a low Reynolds number model
is adopted that retains a molecular viscosity effect. Near-wall
effects have been investigated by many workers,6'11 and
"fixes" have been made to the turbulence equations in the
form of added terms or changed empirical constants or pos-
tulated empirical functions multiplying more conventional
terms. In this paper, the Lam-Bremhorst6 two-equation model
of turbulence is chosen for extension to the variable-density
case. It is a model that changes some "constants" to functions
but does not add terms or change the physical meaning of
terms in the turbulence equations. This model is chosen purely
from the authors' preference for it over other possible ap-
proaches. It has the virtues of 1) proper behavior of turbu-
lence quantities near the wall and 2) experimental test against
an incompressible pipe flow.

This paper has three purposes. The first is to determine
whether the formulation of Ref. 6 can be carried over to the
variable-density case without theoretical or numerical dif-
ficulty. Second, the theory will be compared with heat-transfer
data to test its accuracy. Third, a theoretical formalism will be
developed to account for the effect of temperature fluctuations
in the approach flow to the stagnation point, which is an effect
never before treated.

Analysis
Configuration and Outer Flow

Consider the two-dimensional, planar stagnation-point flow
of Fig. 1. In incompressible flow, it is well known that an
exact solution of the Navier-Stokes equations exists for such a
flow. However, a parameter in the solution is the gradient
along the surface of the velocity parallel to the surface at the
infinity of the viscous layer. This is unknown for an actual
flow unless an outer solution is known for the body of
interest. This renders the stagnation-point solution useful only
for viscous flows that have a thin viscous layer compared to a
characteristic dimension of the body, say, the nose radius of
curvature. Consequently, a high laminar Reynolds number is
required.

In the problem at hand, the approach flow is considered to
be a turbulent one, which may contain velocity as well as
temperature fluctuations, but a flow with a low Mach number
so that compressibility effects are absent. The viscous layer
adjacent to the body is expected to be modified (i.e., thick-
ened) by the turbulence and, in order that the viscous zone
may be thin compared to the body nose dimension, the
turbulence Reynolds number must also be large.

The fluid is assumed to be a perfect gas with constant
specific heats. Since it will be found that the static pressure is
fairly constant throughout the viscous zone, a usual bound-
ary-layer approximation will be made that PJU, = p^/t^ = const.

Traci and Wilcox4 appear to be the first to account analyti-
cally for the fact that the approach flow toward the stagnation
point is actually a three-layer problem. First, there is the flow
far from the body but after the last turbulence generation
point (say, a grid). In this region, convection of the turbulence
is balanced only by dissipation, and the turbulence level
decays. In the second region, the flow is starting to stagnate, a
mean rate of strain is developed, and turbulence production
starts to occur. In Ref. 4, it was presumed that the production,
dissipation, and diffusion came into play to balance the con-
vective transport. Here, however, the turbulence Reynolds
number has been presumed large so that diffusion is absent. A
recent theory of this basically inviscid stagnation process has
been constructed using the k-t turbulence model. An exact
solution was found to link the "freestream" flow to the edge
of the body viscous layer and to form the boundary condition
for the outer edge of the viscous layer. This condition is that
production balances dissipation at the edge. The linking con-
dition from the viscous edge to the freestream is discussed
below.

The production of turbulence during the inviscid part of the
deceleration process has experimental support.13'14 It will be
shown to have a large effect on the results.

At this point, it may be helpful to point out that there are
several values of the Reynolds number to appear, and the
reader may wish to consult the Nomenclature to avoid confu-
sion. In particular, there is a distinction between the following
Reynolds numbers, depending on turbulent or mean veloci-
ties, molecular or turbulent viscosities, and physical dimension
or distance scales:

Turbulence Model
Consider that quantities are made dimensionless by the

freestream values of velocity, density, temperature, and a
characteristic dimension c, which will be defined later and
which will be proportional to the nose radius of curvature.
The turbulence model chosen is a modified version of the
Lam-Bremhorst two-equation k-e model.6 It is modified first
by presuming it may be carried over from its originally
introduced constant density form to a mixed form suggested
by Jones.15 That is, mean quantities other than the density
appear as Favre-averaged quantities, the mean density ap-
pears as an ordinary time mean, and all fluctuating quantities
appear as Favre fluctuations. In this case, the equations for
(dimensionless) turbulent kinetic energy and dissipation rate
are

RToe dx

K (2)

Fig. 1 Stagnation-point flow configuration.

Equations (1) and (2) differ from the "ordinary" A:-e equa-
tions in several respects. First, functions fl and /2 multiply
the last two terms on the right side of Eq. (2). They are
correction functions to 1) increase the production of dissipa-
tion near a wall as compared to the production rate (fl -»1
far away from the wall) and 2) maintain a finite dissipation
rate derivative at the wall, respectively. These functions are

(3)

(4)
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with Actf= 0.05. The function f^ appearing in Eq. (3), comes
from the corrected law for turbulent viscosity, which is

The function f^ is given by

(5)

(6)

The behavior exhibited by f^ is to go to unity away from the
wall but to exhibit diminished value while retaining y4 behav-
ior near the wall. The values of A^ and At are 0.0165 and
20.5, respectively. In the Nomenclature, it should be noted
that the Reynolds number Rk contains a variable density and
a stretched boundary-layer coordinate in place of the original
constant density and y of Ref. 6. The value of C^ is taken as
0.09, in accordance with usual practice.

A second important deviation from the usual presentation
of Eq. (2) lies in the constant C2 in front of the second term
on the right side of Eq. (2). More usually, this constant is
designated Q and is less than C2. It was found in Ref. 12 that
unless the constants in front of the last two terms on the right
side of Eq. (2) are the same, a singularity would occur in the
approach inviscid flow to the stagnation point and no
meaningful boundary condition on the viscous layer edge
could be developed. The change made does not disturb the
rate of decay of turbulence due to dissipation but increases
the dissipation production rate. This is in accord with the
observation in Ref. 16 that, in a decelerating flow, there is an
increased production of dissipation due to the normal stresses.
This was incorporated in an effective change of Q in Ref. 17
to account for this fact. The change made here is in the same
direction, and the value taken for C2 is 1.9, in accordance
with usual practice. The remaining constant in Eq. (2), ac, is
given its conventional value, 1.3.

Stagnation-Point Problem
The remaining conservation equations of continuity, mo-

mentum, and energy are given in dimensional form as

(7)

and if c is chosen as related to the velocity gradient at infinity
as

c = (-Vx)/(dU00/dx)

this form of the pressure law will automatically satisfy the
steady-state form of Eq. (8) at the edge of the viscous layer in
the absence of turbulence. The addition of the turbulence
term in the preceding equation arises naturally in this proce-
dure and yields the direct observation that pressure and
turbulence kinetic energy are mutually convertible. For a
circular cylinder, it should be noted that c = 2a.

7) Seek solutions for which u and shear stress are linear in
x and all other physical quantities are functions only of 17.
This is equivalent to seeking solutions in an x power series
from the nose and retaining only the first term.

8) Throw out terms that are of the order of R^* or R^*
compared with unity.

The result is the following set of ordinary differential equa-
tions in the variable TJ obtained from Eqs. (2), (3), (7-9):

(10)

(11)

(12)

(13)

There have been several modeling assumptions in Eqs.
(10-14). First, the relation between the stresses and the rate of
strain is taken from Jones16 as

dU>

dT dT d I dT
~o— I A~o—dx: \ dx,

(8)

(9)

The procedure is then as follows:
1) Nondimensionalize the equations [Eqs. (7-9)].
2) Split all quantities into their Favre-average plus their

Favre fluctuation except for the density, which is retained in
its ordinary average and ordinary fluctuation form.

3) Time-average the equations.
4) Make certain modeling assumptions for turbulent

momentum, heat, and density transport, which are given later.
5) Introduce the boundary-layer transformations.

R dy

dx

6) Choose dimensional pressure in the form

Second, the quantity u"= — R'u' is treated by gradient diffu-
sion and is modeled as

_ _
RT p dx

Turbulent heat flux is also modeled by the gradient diffusion
law

Third, with lack of justification, the Favre fluctuation in
molecular viscosity jti" is neglected because there is no accepted
model for it. The value of fi" will be small near a constant
temperature wall and, near the outer edge of the viscous layer,
turbulence effects dominate molecular effects, so the effect of
molecular viscosity will be small. The hope is that the effect is
small everywhere. Fourth, in the turbulent kinetic-energy
equation, the velocity-pressure gradient correlation has been
neglected. This issue will be returned to in future work.
Finally, it will be seen that the static pressure has very little TJ
variation so that the perfect gas law has been used in the form
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Now, upon inspection of Eq. (11), it is seen that another
unknown has appeared, which is

The quantity q may be calculated by a conservation equation
derived for it. The procedure is to multiply the energy equa-
tion (9) by g", split all quantities except density into their
Favre mean and fluctuating quantities, and then time-average
the equation, using the mean energy equation. Where diffusion
terms arise, gradient diffusion is assumed, and a dissipation
term is modeled in usual fashion. The result is

(14)-2Rqg"-0

where the fourth term represents the dissipation of the tem-
perature fluctuations. It is seen that in Eq. (14), even if there is
a point in the flowfield at which q = 0, a q will be generated
by the production term if there is mean heat transfer (g' =£ 0).

The equation for the momentum conservation in the direc-
tion perpendicular to the wall (not shown) is really an equa-
tion for the static pressure and may be solved by quadrature
after the rest of the field is determined. The form of the
solution is that

(Po-p- 2/3kR)/PooVi is 0(l/R< or l/RT)

which shows that, as the turbulence decays toward the wall,
some of the energy is converted to static pressure. The major
conclusion, however, at least for moderate turbulence levels
and high RT, is that the static pressure is nearly constant in
the direction normal to the wall, justifying the above treat-
ment of the equation of state.

Boundary Conditions
The system of ordinary equations represented by Eqs. (10)

and (12-14) represents an eleventh-order system, and eleven
boundary conditions are required. Obvious conditions are

/(O) =0 for an impermeable wall

= /0 specified for a given blowing rate (15)

/ ' (0)=0 (16)

(17)

(18)

(19)

(20)

E(ff) = E0 which will be found to set the turbulence level

(21)

From Ref. 13, a further condition at infinity is that production
must equal dissipation so that

(22)

(23)

/ '(oo)-l

g(0) = g0 for a specified wall temperature

g(oo)-l

The final condition is that there be a convective-dissipation
balance in the q equation at infinity. Given the other condi-
tions, this will occur if

// / \ f\ / ̂  A\?"(oo)=0 (24)

This completes the specification of the boundary conditions.
The problem is common in boundary-layer problems: the
boundary conditions are applied in mixed fashion at either
end of the calculation domain. Moreover, while in laminar
problems the effective numerical position of infinity is usually
known, in turbulence problems it is not clear where the
effective value of infinity may be.

Numerical Problem
The senior author's experience with simpler stagnation-point

flows indicated that there would probably be no particular
problem in using a shooting method to solve this two-point
boundary-condition problem. Consequently, such a method
was chosen. However, in retrospect, other methods should
have been investigated because of an extreme numerical sensi-
tivity that arose in this turbulence problem. Discussion of this
sensitivity follows.

The system of five nonlinear differential equations was split
into a system of eleven first-order equations, and the equa-
tions were integrated outward from the wall using a fourth-
order Runge-Kutta quadrature for simultaneous equations.
The missing boundary conditions at the wall, /"(O), g'(0),
and £'(0), were guessed and then iterated by interval halving
and the method of false position until the boundary condi-
tions at infinity were satisfied. The question of what value of TJ
to ascribe to infinity depended on the Reynolds number of the
run. Since the turbulence significantly thickens the viscous
layer over its laminar counterpart, usual values for a laminar
calculation, say, 77 = 6, were not sufficient. The higher the
laminar Reynolds number, the thinner the molecular viscous
region compared to the overall turbulent layer. In the dimen-
sionless distance variable, this meant that the higher the
laminar Reynolds number, the larger 17 had to be in order to
reach infinity. Values of 10-30 were used, depending on R^.

The actual start of the integration at the wall presents a
slight problem because the K, E, and q equations are singular
at the wall, containing terms like 0/0. To start the integration,
power series of the form

K = q =

Since Kcarf near the wall,

A-'(0)=0

are chosen. The quantity El is the unknown boundary condi-
tion £'(0). From Eq. (12), it may be deduced that dissipation
and diffusion are in balance at the wall, and consequently
2 K2 = EQ. The chosen value for E0 actually specifies the value
of the turbulence level at the edge of the viscous layer. The
above power series are used for a single step away from the
wall, and then a full integration takes place.

A calculation shown in Fig. 2 illustrates the extreme
numerical sensitivity to choice of initial conditions. The calcu-
lation is for a constant-density flow, and the sensitivity of the
turbulent kinetic energy to the choice of the initial £'(0) is
shown. Only an extremely narrow range of this parameter will
allow a solution at all, and differences in the third significant
figure give the differences between exponentially growing or
decaying solutions. The numerical problem, therefore, consists
of first finding a very narrow range of £'(0) in which to
search for solutions and then carrying out the iterations while
dealing in the last few significant digits of this quantity.

In the calculations below, consisting of either constant
density or weak heat-transfer results, the q equation plays no
role. It will play a role in a strong heat-transfer case. However,
it is an equation more or less "carried along for the ride,"
since as long as Eqs. (15-23) are satisfied, Eq. (24) will also be
satisfied. That is, any choice of Q2 will yield a satisfactory



AUGUST 1987 STAGNATING TURBULENT FLOWS 1075

solution to the q equation. The choice of Q2 merely sets the
value of the edge value of the temperature fluctuations coming
from the freestream. In the present work, this will be zero.
Matching with the Freestream

In the outer inviscid flow, the velocity normal to the body
(in this case, a cylinder) on the stagnation streamline behaves
as shown in Fig. 3. Very near the body, the slope of this
velocity is -2a. This value was used in Ref. 12 to construct
an exact solution to the inviscid stagnation process for the
turbulence and create a link between the freestream turbu-
lence quantities and those at the edge of the viscous layer.
However, an interpretation problem arises in that solution
because of the assumed slope of — 2#, where it is obvious that
the slope varies from 0 to —2a during the entire stagnation
process. The analytical condition between the boundary-layer
edge conditions and the freestream turbulence conditions is
given as

(25)

It appears that if this solution is to be used, some kind of
average value of y should be taken, modeling the stagnation
process as an effective linear decay of velocity from the
freestream velocity at infinity to zero and defining infinity as
the point where the freestream velocity is encountered in the

Re=lO.ODD
K" (0) =0. 02

E' (0)
-0. C318Q
-0. 03190
-0.Q32GQ
-0.03202
-0. D3210
-0.03220

Fig. 2 Turbulent kinetic energy against normalized distance from the
wall, illustrating the sensitivity to initial guess of £'(0).

.0 .2 .4 .6 1.0

Fig. 3 Inviscid stagnation-point flow, showing the decay of the veloc-
ity perpendicular to the wall and the straight-line approximation used
here to calculate the effective freestream turbulence properties.

straight-line approximation. This kind of approximation was
also used in Ref. 4. In any event, this slope appears as an
adjustable constant in the theory to best match experiment. It
should be noted that this is the only adjustable constant in the
theory presented. For the best match of theory and experi-
ment, the constant y = -0.8 has been chosen.

Results
Constant Density

Typical velocity (parallel to the wall) distribution functions
are shown in Fig. 4 for laminar and turbulent flow. Evident
are a large thickening of the viscous zone due to the turbu-
lence and, at the same time, a steepening of the gradient near
the wall. The effect is shown here for a large laminar Reynolds
number, because the effect is larger when the Reynolds num-
ber is larger. The reason for this is that, the larger the
Reynolds number, the thinner the laminar viscous zone, and
the turbulence is therefore better able to penetrate the viscous
layer toward the wall. Figure 4 illustrates the problem men-
tioned earlier that large values of 17 are required, compared to
the laminar problem, for the quantities such as /' to ap-
proach their viscous edge conditions. The analytical reason for
this is that the viscous distance scale near the outer edge is
dominated by the turbulent Reynolds number, whereas the
distances have been scaled by the laminar Reynolds number
in order to behave most properly near the wall.

In Fig. 5, /"(O) is shown proportional to the shear stress at
the wall. The velocity gradient steepening effect clearly de-
pends strongly on the Reynolds number. Recall that K"(Q) is
related to the general turbulence level in the layer. The rela-
tionship, shown in Fig. 6, is not linear but monotonic.

The distribution of the various sources and sinks in the
turbulent kinetic-energy equation is shown in Fig. 7. The
domination of diffusion and dissipation near the wall gives
way to a balance between production and dissipation near the
outer edge, as a boundary condition demands. One other
region of interest is near the wall where there is a narrow
region of convection-dissipation balance.

While the constant-density case is interesting for some
physical effects, it is not amenable to experimental test. For
example, the shear stress is zero and nonmeasurable at the
stagnation point. Consequently, one must move to the heat-
transfer case for experimental test of the method.

Variable Density
In the case of heat transfer near a stagnation point, the heat

transfer is given by

where the heat- transfer coefficient is given in dimensionless
form through the Nusselt number. Tracing through the trans-
formations,

where quantities have been defined as positive for a case
where the wall is heating the surroundings. One of the more
extensive sets of data for stagnation-point heat transfer is that
due to Smith and Kuethe;4 these data will be used for
comparison to the present theory. The work corresponds to a
case of very weak overheat of a circular cylinder. The weak
overheat means that, for all practical purposes, the density is
nearly constant, so that these data will not really test the
complete variable-density formulation of the theory. However,
a test will be given to the Lam-Bremhorst formulation and to
the method of handling the viscous-layer/freestream transi-
tion. All heat- transfer calculations have been made with pr =
0.71, with a turbulent Prandtl number of 0.9.

The chosen data do not contain measurements of both
intensity and scale of the approach turbulence, but the current
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F'

Fig. 4 Velocity parallel to the wall in laminar and turbulent flow.

Re=10.ODD
K" (0) =D. 02

D i s s i p a

12 16

Fig. 7 Turbulent kinetic-energy budget.

+• 1000
* 10. OQO
* 100. 000

K" (0)

Fig. 5 Wall shear stress as a function of the turbulent kinetic-energy
curvature at the wall.

0 2 4 ^ 6

Fig. 8 Temperature profile in a typical case with a hot wall.

K" (0)

Fig. 6 Relation between the turbulent kinetic-energy curvature at the
wall to the turbulent kinetic-energy at the edge of the viscous zone.

theory uses both. In order to estimate the length-scale proper-
ties of the turbulence of Ref. 2, it is noted that the
turbulence-generating grid is quite close in geometric design to
one for which length-scale data are presented in Ref. 18. A
curve fit to the length-scale data reveals that

Lf/M= 0.348 + 0.00754(x/M) - 2.98*10"5(x/M)2

and the mesh M was 1 in. This is used to calculate the
length-scale information at various distances from the grid as

14 = 0.0127 + 4.88JC1-8 (x in in.)

which was also used in the data-comparison procedure. As-
suming isotropic turbulence at the edge of the viscous layer
(which is almost certainly not true), the relation between

turbulence kinetic energy and u^ is

The temperature profile for a typical calculation is shown in
Fig. 8 with the weak overheat of Ref. 2. Seen again is a rapid
transition in the molecular near-wall mixing layer, but with a
rather long falloff to the boundary condition at the viscous-
layer edge.

Comparison of theory and experiment is shown in Fig. 9,
using a plot format taken directly from Ref. 2 and the data
points located thereon. The solid points are calculated points,
and the open data points are distinguished as one or the other
of two kinds, depending on the cylinder diameter used in the
experiments. The experiments were run by varying the tunnel
speed and distance of the cylinder from the turbulence grid. It
is important to notice that there was only one Reynolds
number at which cylinders of both diameters were tested. In
Ref. 2, the value of u^ was selected as the value that occurred
downstream of the grid in undisturbed flow at the location of
the stagnation point in the calculation to account for the
deceleration in the inviscid portion of the stagnation process.

The following points are to be noted in Fig. 9:
1) As the turbulence intensity rises, the heat transfer rises

both theoretically and experimentally, as is to be expected.
2) As the Reynolds number rises, the heat transfer rises

both theoretically and experimentally. This is to be expected
because of the thinner, molecular-dominated mixing layer and
greater penetration of the turbulence toward the wall.

3) At the higher Reynolds numbers, there is on-average
agreement with experiment, but the heat transfer is overpre-
dicted by the model for the 8-in. diam cylinder, which was the
only one tested at the highest Reynolds number. The dif-
ference between the theoretical results for the 3- and 8-in.
diam cylinders can be traced directly to the model used for the
deceleration process external to the viscous zone. This is an
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Fig. 9 Comparison of theory and experiment (data from Ref. 2).

effect of the ratio of turbulence to physical length scales in the
theory.

4) Straight lines are plotted in Fig. 9 because they appeared
in the plot of Ref. 2. However, theory indicates some curva-
ture, which would actually be expected, since the theory and
physical reasoning would not suggest a linear heat-transfer
rate in the turbulence intensity. That is, no dimensional analy-
sis, with the turbulence model used here, would pull out a
linear relationship between the Nusselt number and the inten-
sity.

Not shown on Fig. 9 are the theoretical curves that would
be obtained if it had been assumed that there was no effect of
the external deceleration process. As may be expected, since
the deceleration process creates turbulence, the heat transfer
would be underpredicted. This indicates that the process
considered is important, but it is not accurately treated here.
Moreover, there is a need for experimentation in this area to
gain a quantitative hold on the external deceleration process.
In particular, there is a need for experimentation at high
Reynolds number with independent variation of diameter,
turbulence length scale, turbulence intensity, and Reynolds
number with varying overheat and/or underheat.

Concluding Remarks
An extension of the Lam-Bremhorst turbulence model has

been made for variable-density flows and has been applied to
heat-transfer calculations for a two-dimensional, planar flow
over cylinders. This model 1) corrects past deficiencies in
treatment of the proper behavior of the turbulence near the
wall, 2) introduces no new empirical constants, 3) presents a
new formulation to account for variable density and tempera-
ture fluctuations in the approach stream, and 4) appears to
work well for the viscous (molecular and turbulent) layer
adjacent to the wall. Application of the method requires,
however, that account be given to the inviscid deceleration
process external to the viscous zone, and it appears that this
part of the theory is somewhat deficient, especially at the
higher Reynolds numbers against which the theory was tested.

There appear to be several needs. First, the inviscid deceler-
ation process needs to be revisited through perhaps a stress
transport model or with a dissipation equation such as that
used in Ref. 17 or with a numerical integration of the deceler-

ation process rather than the approximate method used here.
Second, experiments are needed on this deceleration process
with independent variation of Reynolds number, turbulence
to physical length-scale ratio, relative turbulence intensity and
over- or underheat. Third, since the calculations have not
really pressed the variable density and the fluctuating temper-
ature problem, calculations for the high-heat-transfer case
need to be made. However, the authors know of no experi-
ments against which to compare the calculations; experimen-
tation is needed in this area.
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