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Abstract-The concept of surface renewal is applied to an impinging heated planar jet to predict the local 
heat transfer coefficient distribution near impingement. The modeling concept is based on a zonal approach 
which identifies an outer flow and an impingement region. The outer region flow is determined by using 
the standard k-E model. The impingement region is modeled using the surface renewal concept. In the 
application of the surface renewal model the solution is sensitive to the zonal matching and initial conditions 
imposed. Results show very good agreement with experimental data when the jet centerline conditions are 
used to scale the initial velocity and temperature renewal process. The renewal frequency for momentum 
is derived from experimental data. The thermal energy renewal is modeled based on a renewal frequency 
developed from the consideration of a displaced temperature spectrum which is consistent with experimental 
results. Overall, the use of the surface renewal model in the impingement region is shown to be an attractive 

alternative approach in the prediction of the surface interactions. 

INTRODUCTION 

IN THE treatment of turbulent flows near a surface, 
the application of the standard k-E model, which is 
normally used for regions of very high Reynolds num- 
ber, is not satisfactory. Usually a wall function or a 
low Reynolds number modification is used in the near 
wall regions. The application of such models is often 
based on the assumption of local equilibrium between 
turbulent production and dissipation. In the near 
impingement region of an impinging jet, the existence 
of strong streamline curvature, resulting in a sta- 
bilizing condition, and the presence of large velocity 
gradients tends to reduce the shear stress in this region 
and cause anisotropy, Pelfrey and Liburdy [l, 21. 
Therefore, a different approach for treating the effects 
of the near wall turbulence is generally needed to study 
the flow and thermal fields. 

Childs and Nixon [3] indicate a need for a higher 
order turbulence model to better predict the influence 
of curvature as well as the near impingement aniso- 
tropic turbulence. The disagreement between the pre- 
dicted and the experimental heat transfer coefficients 
using a k-c model, as documented by Looney and 
Walsh [4], can be attributed to the complex structure 
in the near impingement region. This warrants a tur- 
bulence model which is more consistent with some of 
the important physics of the flow field that have been 
found in experimental studies. 

Recently there has been significant insight into some 

t Presently with I.B.M. Corporation, Hopewell Junction, 
NY 12533, U.S.A. 

aspects of the surface renewal mechanism in complex 
flow geometries using flow visualization techniques. 
The physical behavior in the near wall region of 
boundary layer type flows has been characterized 
by previous investigators by the direct interaction 
between large eddies and the surface. To a great degree 
the near region impingement of jets consists of large 
scale structure interactions with the surface. Kestin 
and Maeder [5] postulated the existence of an ampli- 
fication of vorticity fluctuations which is responsible 
for the observed enhancement of heat transfer in the 
neighborhood of the stagnation point. The enhanced 
heat transfer in the impingement region was exper- 
imentally studied by Kataoka and Mizushita [6]. They 
found, for a Prandtl number of 103, that the local 
enhancement of Nusselt numbers was attributed to 
the penetration of nonuniform turbulence of the free- 
stream across the laminar boundary layer and the 
subsequent transition from a laminar to a turbulent 
boundary layer. For their experimental conditions the 
local heat transfer coefficient was a maximum when 
the surface was located six nozzle diameters from the 
jet exit. Yokobori et al. [7], following the vorticity 
amplification premise of Kestin and Maeder [5], inves- 
tigated the production mechanism of large scale eddies 
using flow visualization. They found that large scale 
longitudinal vortex-like structures are formed in the 
near region of the jet and contribute to the surface 
interaction. They concluded that these structures are 
predominant in the passive transport in the impinge- 
ment region. In several other experimental studies the 
maximum heat transfer coefficient has been found to 
occur at a jet nozzle spacing, nondimensionalized as 
H/d, between seven and eight, where H is the plate 
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NOMENCLATURE 

surface friction factor X coordinate along the impinging surface 
width of the jet nozzle from the stagnation point 
frequency x nondimensional x, x/d 
distance from the jet exit to the surface Y coordinate normal to the surface 
thermal conductivity ; turbulence kinetic Y nondimensional y, y/d. 
energy 
Nusselt number, hd/k 
pressure 
nondimensional pressure, (p-pm)/pv2 
Prandtl number, v/al 
Reynolds number, v,d/v 
dominant frequency for renewal 
nondimensional frequency used in the 
surface renewal model, sd/vj 
nondimensional frequency used for 
thermal transport, s,d/vj 
Strouhal number, defined in equation (12) 
source term 
temperature 
nozzle exit temperature 

Greek symbols 
thermal diffusivity 
thermal expansion coefficient 

I- diffusion coefficient 
E turbulence kinetic energy dissipation rate 
0 nondimensional temperature, 

(t- T,)/(T, - r,) 
1 time variable during the surface renewal 

process 
V kinematic viscosity 

P density 
statistical age distribution 

g generalized variable. 

surface temperature 
velocity component, x direction 
nondimensional mean velocity, x 
direction, u/vj 
velocity component, y direction 
nozzle exit velocity 
nondimensional mean velocity, y 
direction, v/vj 

Subscripts 
i index representing vector component 
1 inrush condition 
k turbulence kinetic energy 
S surface value 
t thermal 
& turbulence kinetic energy dissipation rate. 

distance from the nozzle exit and d is the size of the 
nozzle opening. Most explanations of this have been 
based on two dimensional flow considerations of a 
maximum interaction between the centerline tur- 
bulence intensity, which increases with increasing H, 
and the mean arrival velocity, which decreases with 
H. Aside from this explanation, Yokobori et al. [7] 
reasoned this result from the scaling of the three 
dimensional eddy structure based on nozzle size and 
exit velocity. The dominant frequency associated with 
the large eddies at the end of the potential core was 
found by Browand and Laufer [8] to be independent 
of the Reynolds number. 

Gutmark et al. [9] studied the characteristics of far 
field impinging turbulent jets, H/d = 100, and Menon 
and Liburdy [lo] studied jet impingement in the near 
field and for a fully developed jet, H/d = 8 and 32. 
Both studies found that the effects of the wall occurred 
at approximately 0.2H from the surface. They also 
found a neutral frequency which distinguishes those 
eddies being amplified from those being dissipated by 
viscous effects near the surface. A similar result was 
observed by Pelfrey and Liburdy [I] in the impinge- 
ment region of an offset jet. The neutral frequency 
was found to scale with nozzle size, impinging plate 
separation distance and exit velocity. This evidence 

indicates that large scale structures dominate the 
impingement region and must be accounted for in an 
appropriate turbulence model. 

The concept of a surface renewal model was initially 
developed for flow over flat plates. The notion pro- 
posed by Danckwerts [l l] is that eddies intermittently 
move from the turbulent core into the wall region 
while exchanging momentum and energy during their 
lifetime. In a theoretical study of the rate of gas 
absorption in a liquid flow by Higbie [12] it was con- 
cluded that the conventional concept of a viscous 
sublayer as a stagnant film was not valid in many 
situations when the contact time of absorption is less 
than the penetration time. Rather, the turbulence pen- 
etrates into the surface continually and is replaced 
with high speed renewed fluid during the absorption 
period. Einstein and Li [13] also observed the un- 
steady nature of the viscous sublayer and proposed a 
mathematical model based on a cyclic growth and 
decay phenomenon. They concluded that with the 
quasi-steady sublayer concept it is impossible to 
explain the periodic creation of turbulence in this 
region. The scale of the sublayer thickness was esti- 
mated, in accordance with experimental data, to be 
on the order of the local wall unit. The inrush velocity 
was chosen iteratively so that the predicted velocity 



Application of a surface renewal model to the prediction of heat transfer in an impinging jet 1907 

profile matched experimentally measured values. How- 
ever, their assumption of a constant velocity in the 
turbulent flow adjacent to the sublayer is artificial 
and, according to the authors, was introduced only 
for mathematical convenience. 

In this paper the surface renewal concept is 
extended to the modeling of the velocity and tem- 
perature fields of an impinging jet. In so doing some 
characteristics of the renewal process are based on 
experimental results in the literature. Further detailed 
experimental verification is required to determine the 
validity of the proposed procedure, especially if 
extended to other flow geometries and boundary con- 
ditions. However, if such an approach proves to be a 
good modeling tool it has the advantage of being easy 
to use and computationally efficient. 

MATHEMATICAL MODEL 

The surface renewal model requires a description 
of multiple, large eddies simultaneously existing 
within the domain of interest. Each eddy is assumed 
to have a unique age at any given time. The life of 
each eddy within the impingement region is char- 
acterized by an inflow followed by an outflow at some 
later time. In an impinging jet flow the large scale 
energy containing eddies are assumed to impinge with 
a characteristic frequency. The determination of this 
frequency is discussed later. Visual evidence of the 
large scale interaction for an impinging jet flow is 
provided by Kataoka et al. [14]. 

The instantaneous equations governing the trans- 
port of mass, momentum and heat associated with the 
life of the large eddies within the impingement region 
are used to describe the renewal process. The turbu- 
lence mechanism responsible for enhanced momentum 
and thermal energy transport is modeled in terms of 
primarily large scale coherent structures. The struc- 
tures are characterized by frequency of occurrence, 
a specified boundary condition upon entering the 
impingement region, and an initial condition of the 
structure distribution within the impingement region. 
Formulation of the model begins with the con- 
servation equations of mass, momentum and energy 
written as 

atdi/ax, = 0 (1) 

auijal + uj aui/axj = - apip axi + v ahi/ax; (2) 

i3t/aA+uj at/ax, = u a*t/axf (3) 

where 1 represents the time during the life of an eddy, 
or age, and the model is limited to nonbuoyant incom- 
pressible, constant property flow. 

The variables are transformed using a statistical age 
distribution. The ensemble average of a generalized 
variable $, which represents a velocity component 
or temperature, is related to its instantaneous dis- 
tribution by assuming a probability function, 4. The 
probability function is prescribed as an age dis- 
tribution based on a characteristic occurrence fre- 

quency, s, and information regarding the boundary 
and initial conditions. A possible functional form for 
the age dependence is 4 = s exp (-J.s) suggested by 
Danckwerts [ 1 l] and used by Thomas [ 151 for bound- 
ary layer flow. Assuming the ergodic conditions that 
time and ensemble averages are identical for a station- 
ary process, q represents the time average distri- 
bution. It is shown by Danckwerts [l l] that the results 
are more sensitive to the choice of the frequency par- 
ameter, s, rather than the functional form of 4. So, 
rather than attempt to specify a unique age dis- 
tribution the above relationship will be used. 

The Navier-Stokes equations are reformulated by 
using the temporal distribution function, 4, and then 
integrating over the time domain resulting in 

&i@xi = 0 (4) 

S(U,-UU,i)+Uj &ii/ax, = --G/p ax,+v a*iqaxf (5) 

s,(t-tt,)+uj at/ax, = tl a*i/ax,’ (6) 

where u,, and t, represent the velocity and tem- 
perature fields at the instant of the inflow process, 
respectively, and the barred terms represent the 
ensemble average. 

In the above model equations the inflow term, 
s(<-uti), represents the contribution from the eddy 
transport mechanism. Similarly, the term s,(S- tl) is 
the thermal transport and is assumed to have a similar 
age distribution as the velocity, but possibly a different 
frequency, s,. The terms Uj &@x, and uj at/ax, rep- 
resent effects of the unsteady convective interaction 
between eddies which contribute to the total transport 
mechanism. The convective terms have been simpli- 
fied in this application based on the assumption of 
relatively minor contributions from eddy-eddy inter- 
actions. These terms can be written as (using the 
momentum equation for illustration) 

aui a-is; - 
Ujax.= ii--+~ij. 

J 
J axj 

The first term on the right hand side represents the 
mean flow convective contribution to the transport 
process. The second term represents a higher order 
term whose value depends on large structure inter- 
action of momentum (or velocity-temperature cor- 
relation in the energy equation). These higher order 
terms are taken to have relatively little contribution 
compared to the large structure inflow terms. This 
condition is expected to be valid in the presence of 
large coherent structures. Therefore, we are left with 
a single term which represents the turbulence effects 
(not unlike the Reynolds stress formulation that relies 
on modeling the correlation terms). 

To complete the formulation of the problem for the 
surface renewal model, initial and boundary con- 
ditions are required. Equations (4), (5) and (6) are 
applied near the impingement region and are forced 
to match the k-E model in the jet development region. 
The initial condition for renewal is to be some rep- 
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resentation of the flow and temperature fields at the 
instant of the inflow process which transfers momen- 
tum and heat with velocity uli and temperature t, at 
i = 0. Earlier studies using the surface renewal model 
for turbulent boundary layer flows suggested that the 

initial condition, u,,, be the free-stream velocity. This 
was used successfully in the prediction of the skin 
friction coefficient by Thomas [15]. From a physical 

viewpoint it is not necessarily a justified assumption. 
In the impinging jet flow, at the instant of inflow, it is 
assumed that the incoming flow is not influenced by 
the presence of the wall. In the next instant the effects 

of the surface become evident and t.he ejection of fluid 
from the wall region follows. Based on this, the initial 
conditions for the impingement region are set equal 
to the mean jet conditions at a distance sufficiently far 
from the surface. Since experimental results indicate 
that both the mean and fluctuating quantities are 
essentially uneffected by the surface at a distance of 
0.2H from the surface, this was taken as the location 
to evaluate the initial conditions for renewal. The 

initial conditions are to be specified by the k-e solution 
of the flow outside of the impingement region. In this 
sense the surface renewal application becomes a zonal 
model linked to the k-E model predictions of the flow- 
field from the nozzle exit up to the impingement region. 

Boundary conditions are required at the wall, the 
centerline, at the outflow as the wall jet develops, and 
at the interface between the two modeling regions. At 
the wall and at the centerline no slip conditions and 
symmetry are imposed, respectively. At the interface 
boundary the mean velocity and temperature are 
matched to the solution from a k--E model. The wall- 
jet development boundary conditions are based on 
near fully developed flow for the mean velocity and 

temperature such that the downstream derivatives are 
set to zero. Based on numerical experiments, this latter 
condition was found to have very little or no effect on 
the solution provided the boundary was sufficiently 
far downstream of impingement, Yuan [ 161. 

With the above conditions and assumptions the two 
dimensional governing equations are given below in 

nondimensional form. The scaling parameters are uj, 
the velocity at the jet exit, d, the width of the jet exit 
and (T, - T,), the temperature difference between the 
jet exit and the surface 

aujax-tavjau = 0 (8) 

S(U-u,)+uaujax+vaujar= -aPjax 

+ l/Re (aZujax2+a*ujaY*) (9) 

qv-v,)+uavjax+vavjar= -aplay 

+l/Re(a2v/ax2+a~vjaP) (10) 

s,(e-o,)+uaejax+vaejar 

= l/Re Pr (aV/ax*+a*ejar2) (ii) 

where 0 is the nondimensional temperature and is 
defined along with Re, Pr, S and S, in the Nomencla- 

ture. S and S, take the form of a Strouhal number 
based on the nozzle width and jet exit velocity. 

The selection of the computation domain for the 

application of the surface renewal model should be 
determined by the extent of influence of the surface 

on the flow characteristics. From the data of Gutmark 
et al. [9], for H/d = 100 and Menon [17], for H/d = 8 
and 32, the mean flow and turbulent intensity is affec- 
ted by the surface within a region 0.2H/d from the 
wall. So even for a wide range of H/d the impingement 

region can be taken as 0.2H/d from the surface. The 
lateral extent of the model (along the surface) was 
x/d = 11.5. Extending beyond this value does not 
change the solutions presented here. 

The frequency, s, may be specified based on infer- 

ences from existing experimental data. However, it 
must be cautioned that there is no definitive evidence 
as to the universal nature of the results at this time. 
The neutral frequency mentioned previously was 
identified by Gutmark et al. [9] using the power spec- 
tra of the components of the fluctuating velocity along 
the jet centerline. They nondimensionalized this fre- 

quency using local velocity and length scales based on 
the corresponding values of the centerline velocity and 
jet width that would exist at the position of the surface 

if the surface was not present. Scaling the local velocity 
and width with the nozzle exit conditions results in a 
Strouhal number 

St, = f H/v, (H/d) “’ (12) 

which is related to the nondimensional frequency S as 

S = St,(H/d)-3’2. (13) 

The measured value of the Strouhal number associ- 
ated with the neutral frequency was found by Gut- 

mark et al. [9] to be 5.6 for H/d = 100. The study of 
Menon [I 71 measured the neutral frequency Strouhal 
number to be near 6.2 for H/d = 32. It should be 
noted that experimental uncertainty is fairly high in 
determining this value. 

In implementing the surface renewal model the 
problem was first solved using a k-6 model with a 
standard wall function near the surface. After a con- 
verged solution was achieved, the surface renewal 
model was applied to the impingement region of inter- 
est. Based on the surface renewal model results the 
local surface friction coefficient and heat transfer 

coefficient were calculated. 

NUMERICAL PROCEDURE 

The governing equations were solved using the 
control-volume approach of Patankar [ 181 applied to 
both the initial k--E formulation and the surface 
renewal model, equations (8)-(11). All of the equa- 
tions can be cast in the form : 

a(pci,T)/ax, = a(r aT/axi)axi +s, (14) 

where 9 is a generalized variable, r is a diffusion 
coefficient, and S, is a source term. The quantities I- 
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Table 1. The transport equation for surface renewal model 

Equation q r SY 

x-Momentum U l/Re -aplax-sdiuj~u-~~~ 
-ap/ay-Sd/U,(V- V,) 

19 l/(Re Pr) -Sd/U,(@-0,) 

and S, are specific for a particular variable g. For the 
surface renewal formulation the variables are listed in 
Table 1. Note that the turbulence modeling terms 
are contained in S,. The computational domain and 
boundaries are shown in Fig. 1. Since a staggered grid 
was used, boundary conditions were linearly inter- 
polated as needed. The boundary I represents the 
interface between the free jet and impingement regions 
and is determined by the k-c solution. The boundary 
conditions at II are based on symmetry and at IV on 
no slip and an isothermal surface. At boundary III, 
the velocity and temperature derivatives in the x direc- 
tion are assumed to be negligible and were tested using 
successively larger grids until no significant change in 
the results was detected. A summary of the boundary 
conditions for the ~mensionl~s velocity com~nents 
and temperatures are given in Table 2. Grid depend- 
ency of the solutions was checked by varying the 
grid from 18 x 18 to 25 x 30 using a nonuniform grid. 
Less than a 1% difference of the surface friction and 
heat transfer was detected for this grid variation. 
The closest node to the surface was 0.005d which 
corresponded to a y+ small enough to use the viscous 
flow formulation to evaluate the surface conditions 
(y* approximately equal to 0.4). 

The choice of the initial conditions, or the so-called 
inflow cont~bution is not obvious. Two approaches 
are presented in this paper. One uses the interface 
boundary conditions determined by the k-8 model to 
specify the inflow initial values of, U,, i/,, and BE. 
This results in a distribution of the inflow condition 
across the renewal region. The second approach bases 
the initial condition on the local velocity and tem- 
perature at the jet centerline at the interface of the 
impingement and the jet regions. This scaling assumes 
that the initial condition of momentum and thermal 
energy can be characterized by a single value at the 

Table 2. Boundary conditions (boundaries are indicated in 
Fig. 1) 

Boundary I : 

Boundary II : 

Boundary III : 

Boundary IV : 

Upper boundary (0.2H from the 
impingement surface) U, V, and % are 
based on k-e model solution of the 
jet 
Axis of symmetry 
u=aviax=o=aeiax=o 
Outflow boundary 
au/ax= avjax= aejax= 0 
impingement surface 
U=V=@=O 

11. T. 1 

(surface renewal model) 

FIG. 1. Flow configuration, coordinate system, and impinge- 
ment region boundaries. 

jet centerline which approp~ately represents the early 
stages of the renewal process. 

RESULTS 

The predictions of the surface interaction 
coefficients such as the skin friction and heat transfer 
rates using the surface renewal model are compared 
with experimental data in the literature. In each case 
considered the temperature difference was low enough 
to be nonbuoyant (low Richardson number). Addi- 
tional results for buoyancy affected flows are pre- 
sented by Yuan [16]. The skin friction coefficients have 
been measured by various researchers, the data of 
Beltaos and Rajaratnam [19] provide the necessary 
range of flow conditions for comparison with pre- 
dicted values. The heat transfer coefficients are com- 
pared with the experimental data of Cardon and 
Akfirat [20] which provide a wide range of flow 
conditions. 

Surface friction 
Prior to solving the energy equation, used to predict 

the local heat transfer rate, the momentum equation 
was solved and used to evaluate the local surface 
friction coefficient, Cr. For this purpose the velocity 
derivative normal to the surface was estimated using 
a local finite difference approximation. Figures 2 and 
3 show results of C, for H/d = 16 and Re = 7000 
and 11000 respectively. Also included in the figures are 
the experimental results of Beltaos and Rajaratnam 
[19] where the shaded region represents results for the 
range of Reynolds numbers they investigated, from 
approximateiy 5600 to 9400. These predictions are 
based on an initial condition for renewal predicted by 
the k-8 model at the edge of the impingement region. 
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1. s -0.01 
2. s = 0.0875 
3. s - 0.1 
4. s = 0.3 

5r 
== Beltaos and Rajaratnam [ 19731 

I I I I 
2 4 6 0 

xld 

5 

4 

2 3 

0’ 2 

1 

0 

I I I I I 
2 4 6 8 10 

xld 

FIG. 2. Surface friction coefficient for a range of renewal FIG. 4. Surface friction coefficient for S = 0.0875 using the 
frequency parameters using the distributed initial condition, centerline velocity for the initial condition, Re = II 000, 

Re = 7000, H/d = 16. H/d = 16. 

The results are in poor agreement with the measured condition consistent with a dominant structure which 
values, both in the distribution and location of the scales with the jet velocity prior to being influenced by 
peak value. Efforts made to improve the results by impingement. Results of the local skin friction 
varying S and adjusting the domain size and the grid coefficients using this modified initial condition are 
did not improve the estimates. presented in Fig. 4 for H/d = 16 and S = 0.0875 and 

The poor distribution of the C, predictions led to a range of Reynolds numbers. This value of S is 
the investigation of the appropriate initial condition obtained using equation (12) with the neutral fre- 
for renewal. It is apparent that the scaling for the quency Strouhal number St,, = 5.6 and H/d = 16. 
initial condition should not be based on the velocity Results are in very good agreement with the exper- 
distribution calculated from the k-c model just outside imental data of Beltaos and Rajaratnam [19]. Note 
of the impingement region. This scaling results in a that the specification of S, based on the Strouhal 
skewed distribution which enhances the region near number, is independent of Reynolds number and is 
the jet centerline. The modeling of the large scale determined by H/d. Obviously, further understanding 
structures was modified by setting the initial condition of the appropriate frequency and its relationship with 
for the entire impingement region equal to the center- the jet conditions is required. However, with limited 
line velocity predicted at the upper boundary of the available data, this modeling approach does very 
impingement region. This provides a uniform initial well. 

1. s - 0.0875 
2. s = 0.1 
3. s - 0.2 
4. s = 0.3 
5. s - 0.5 
== Beltaoa and Rajaratnam [1973] 

Heat transfer 
A primary assumption in this model, as stated earl- 

ier, is that the surface renewal mechanism dominates 
the heat transfer process as well as the momentum 
transfer process. However, there is no evidence that 
both transport mechanisms occur at the same 
frequency. Allowing for a different representative fre- 
quency for heat transfer results in the parameter S, in 
the energy equation. The velocity and temperature at 
the jet centerline predicted by the k--E model at the 
upper boundary of the surface renewal region are used 
to define the initial condition of the thermal renewal 
process. 

2 4 6 8 
xld 

FIG. 3. Surface friction coefficient for a range of renewal 
frequency parameters using the distributed initial condition, 

Re= llOOO,H/d= 16. 

1. Re X7000 
2.Re=11000 

3. Re = 16 500 

4. Re -22000 

r == Beltaos and Rajaratnam [1973] 

Some evidence of the characteristic frequency for 
heat transfer renewal can be obtained from Fulachier 
and Antonia [21] who studied the spectral analogy 
between velocity and temperature for a variety of 
flow conditions. They show how the one dimensional 
spectra shift depending on the velocity and tem- 
perature boundary conditions for flow over a flat sur- 
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1. S,~O.O875 
2.S,=O.l 
3. s,=o.15 
4. s,= 0.2 
5. s,-0.22 

7o r “7: ~~:“,Z 
+ klemodel 
0 Gardon and Akfirat [1966] 

20 - 
0 1 2 3 4 

x/d 

FIG. 5. Predicted local Nusselt number for a range of thermal 
energy renewal frequency parameters and S = 0.0875, 

Re= llOOO,H/d= 16. 

face. The most energetic portion of the fluctuating 
temperature spectrum is shifted to higher frequencies 
compared to the fluctuating velocity spectrum, par- 
ticularly at distances away from the surface. The mag- 
nitude of the shift can be on the order of 2-5 times 
the dominate velocity frequency. For an impinging jet 
flow Menon [17] measured the velocity and tem- 
perature spectra along the jet centerline. He found 
that the temperature spectrum peak shifts to higher 
frequencies, compared to the velocity spectrum, just 
prior to impingement. This shift is of the order of 1% 
2 times the dominant velocity frequency for Re = 8113 
and H/d = 32. This evidence suggests that the renewal 
frequency for heat transfer may occur at a higher 
frequency than for momentum transfer. 

The prediction of the local surface heat transfer 
coefficient is presented in Fig. 5 for a range of S,, all 
with S = 0.0875, for Re = 11000 and H/d = 16. Also 
shown are predictions using the k-8 model using the 
wall function suggested by Launder and Spalding [22]. 
The results indicate that the value of S, must be sig- 
nificantly larger than S (2.5 times) in order to match 
the experimental results of Gardon and Akfirat [20]. 
The heat transfer coefficients near the stagnation point 
are slightly lower than the experimental data but the 
results, in general, are significantly superior to the 
prediction using the k-t model. The surface renewal 
model was further tested with S = 0.0875 and 
S’, = 0.22 for different flow conditions. The results for 
Re = 11000 and 22 000 are compared to the exper- 
imental data of Gardon and Akfirat [20] in Fig. 6. 
The predictions are very good for both Reynolds num- 
bers with the poorest agreement near the centerline 
where the prediction is about 10% lower than the 
experimental data for the high Reynolds number case. 
These results are not to suggest definitive values for S 

60 

E 
l.Re =llOOO 

: ~~22000 

20 1 I I I I 
0 2 4 6 6 

FIG. 6. Predicted local Nusselt number for two Reynolds 
numbers using S = 0.0875 and S, = 0.22. 

and S, but indicate that further work is required that 
would allow for a better understanding of the relation- 
ship between Re and S, and possibly other important 
parameters in the near field of the jet such as H/d and 
jet turbulence intensity. 

CONCLUSIONS 

We have demonstrated the use of a surface renewal 
model coupled with a k-z model to predict the local 
heat transfer in an impinging jet. The method is easy 
to implement and provides good agreement with 
experimental data for the range of conditions studied. 
The general application of surface renewal for surface 
interactions requires further insight into the physical 
process. Experiments need to specify the spectral 
characteristics of momentum and heat transport. Par- 
ticular attention needs to be paid to the distinction 
between the momentum and heat transport processes. 
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APPLICATION DU MODELE DE RENOUVELLEMENT DE SURFACE A LA 
PREDICTION DU TRANSFERT THERMIQUE DANS UN JET IMPACTANT 

R&sum&On applique le concept de renouvellement de surface a un jet chaud, planaire, impactant pour 
p&dire la dist~bution du coefficient de conv~tion pr&s de l’impaction. La mod~li~tion est bas&e sur 
l’approche zonale qui identifie un ecoulement exteme et une region ~impaction. La r&ion externe est 
determinee en utilisant le modele classique k-e. La region d’impaction est modeli& en utilisant le concept 
de renouvellement de surface ; dans cette demarche, la solution est sensible au zonage et aux conditions 
initiales choisis. Les r&sultats montrent un t&s bon accord avec les dontrees experimentales lorsque les 
conditions sur l’axe du jet sont utilisees pour caler la vitesse et la temperature initiale : La frequence de 
renouvellement pour la quantite de mouvement est diduite des don&es experimentales ; elle est developpee 
a partir de la consideration d’un spectre de temperature deplacee qui est coherent avec l’exp&ience. Le 
modtle de renouvellement de surface dans la region d’impaction est une approche interessante pour la 

p&diction des interactions a la surface. 

ANWENDUNG EINES OBERFLACHEN-ERNEUERUNGSVERFAHRENS AUF DIE 
BERECHNUNG DES WARMEUBERGANGS IN EINEM AUFTREFFENDEN STRAHL 

Z~~f~~Das Konzept der O~rfl~chen-Erneue~n8 wird auf einen beheizten ebenen auf- 
tretfenden Strahl angewandt, um den lokalen W~~e~~r~n~koe~ienten im Auf~e~reich zu bere- 
chnen. Hierbei wird ein Zonenverfahren benutzt, das zwischen einer &.&eren Striimungszone und dem 
Auftreflbereich unterscheidet. Fiir die IuBere Zone wird das k-e-Model1 verwendet. Der AuftrefIbereich 
wird mit dem Oberfhichen-Emeuerungsverfahren berechnet. Hierbei ist die Losung von den tiber- 
gangsbedingungen zwischen den Zonen und der Anfangsbedingung abhangig. Die Berechnungen stimmen 
sehr gut mit MeBergebnissen iiberein, wenn Anfangsgeschwindigkeit und Temperatur-Emeuerungsvorgang 
mit den Bedingungen fur die Symmetrielinie des Strahls skaliert werden. Die Emeuerungsfrequenz fiir den 
Impuls wird aus MeBdaten ermittelt. Zur Bestimmung der Frequenz fur die Erneuerung thermischer 
Energie wird ein verschobenes Temperaturspektrum angenommen, welches mit experimentellen Daten 
iibereinstimmt. Insgesamt erweist sich die Verwendung des Oberfltichen-Emeuerungsmodells im Auf- 
treffgebiet als interessanter altemativer Ansatz fiir die Berechnung der OberlIachen-Wechselwirkungen. 

HP~MEHEH~E MOj@3IM BOCCTAHOBJIEHHR &JIX OIIMCAHHif TEl-lJIOHEPEHOCA I3 
H~A~~E~ CTPYE 

An3o~amss-C ~c~o~b3o~nHeM xo~uen~~ B~TaHoa~eH~~ ~~MeH~e~bHo x n~a~me~ na nonepx- 
HOcTb HarpeTOii MOCKOH Crpye OllI?eneBneTcB pBCnpeXeJleHUe BOKaJIbHMX KO%#RHHeHTOB TeRJIOnepe- 
noca kta yriacrae coynapemir. MOAeJHipOBaHHe 6aanpyercn na 30sia.nbnoM nomione K enemieMy 
Tesemiio u yHacTXy coyaapesus. Teqenne 80 BHemHeii o6nacTH 0nHcbrBaeTcn c nohfombm craxinapmoZi 
k--E Monenn. Yqacrorc CoylZapeHHn MonenHpyeTcr c HCnOJtb30BaHHeM KOHuenuHH BoccraHoBneHHn. 
PemeHHe Ha 0cHoB.e npennoHceHHoii MoaenH 3aBHcHT 0T non6opa 30H H HananbHMx ycnoeaii. IIonyqee- 
HMe l%?.3yJibTaTbt O’ietib XOpOmO COrBaCyloTCX C 3KCnepHMeHT&BbHbtMH BaHHMMH npH Hc”Onb30BBHHH 
ycnosafi na ocn crpyn Iurn npouecca aoccranoanenns iiaqanbnoti crt0poc~H H TehmepaTypbt. YacroTa 
BOCCTaHOBaeIiHs B.lHi HMnyabCa HaXOAHTCR n0 3KCnepHMeHTaabHbIM naHHMh4. BOUHaHOBneHHe TCIUIO- 
806 3HeprHR MOne,H,pyeTCs Ha OcHOBe ‘tacT0Tr.i BoccraHOBBeHHII, Ha&reHHoii c WeTOM cMemeHHor0 
TeMnepaTypHOrO CneXTpa, COrJIaC~mer~B C 3KCnepHhfeHT~bHMhfH BaliHbIMH. DOKB3BHO,9TO HCnOXb- 
30BaHHe hf0neB~ BoccraHoaneHHB Ha yracrrte coyBapeHHn crpyH c noBepxHocrbm BBnBeTcs *KTHB- 

HMM a.HbTepffaTHBHbrM MeTOBOM OnlXBeJleHHff nOBepXHOcTHMX BSaHMOBe&ZTBHii. 


