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LIQUID JET IMPINGEMENT

John H. Lienhard V

ABSTRACT

Liquid jet impingement is appealing because the liquid supply arrangement is relatively
simple and low thermal resistances can be routinely achieved. When operated at high
velocity, jets can remove fluxes several times that at the surface of the sun. This article
reviews heat transfer and flow phenomena during unsubmerged liquid jet impingement
and provides correlations for calculating the heat transfer coefficients. Convective trans-
port without phase change is covered in detail. Results for the stagnation zone are given
first, foliowed by those for the regions downstream. Both axisymmetric and planar jets
are considered. The splattering that accompanies turbulent jet impingement is described,
and other aspects of liquid jet impingement cooling are surveyed briefly.

NOMENCLATURE

Roman Letters

A,,  constants in Eq. 7.

dimensionless velocity gradient, 2 w du,

d du, or2—
u, dr U dx’
dimensional stagnation-point velocity gradient, du,/dr or du,/dx.

contraction coefficient for liquid jets, jet area/nozzle area.
skin friction coefficient.

a0 0w

~

liquid specific heat capacity at constant pressure (J/kgK).
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jet diameter, fully contracted (m).

orifice diameter (m).

jet diameter -at target (m).

diameter of cooled target (m).

velocity similarity function.

Jet Froude number, u_ / Jgad.

supercritical film Froude number, u, /./gh.
gravitational body force, 9.81 m/s%

temperature similarity function.

heat transfer function of Prandtl number, Eq. 34 or 33.
local heat transfer coefficient, ¢, /7, — 7)), (W/m?K).
thickness of axisymmetric liquid sheet (m).

thermal conductivity of liquid (W/m K), or rms surface roughness (m).

dimensionless surface roughness, k/d.

thermal conductivity of target.

distance between nozzle and target plate (m).

distance between nozzle and target plate for onset of splattering (m).
local Nusselt number based on jet diameter, g, d/k(T, — 7).
local Nusselt number downstream for planar jet, g, x/k(T, — 7).
local pressure in liquid (Pa).

ambient pressure (Pa).

stagnation pressure (Pa).

pressure distribution along the wall (Pa).

gauge pressure in plenum, same as stagnation pressure (Pa).
Legendre function of 2n order.

_ Prandt] number of liquid.

volume flow rate of jet (m?/s).

volume flow rate of splattered liquid (m%/s).

wall heat flux (W/m?).

radius coordinate in spherical coordinates, or radius coordinate in
cylindrical coordinates (m).

radius at which turbulence is fully developed (m).

radius of hydraulic jump (m).

radius at which viscous boundary layer reaches free surface (m).
radius at which subcritical liquid has depth s (m).

radius at which turbulent transition begins (m).

radius at which thermal boundary layer reaches free surface (m).
Reynolds number of circular jet, u,d/v. '
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Re, Reynolds number of planar jet, un/v.

Re,  local Reynolds number of planar jet, u, (x)x/v.
Re, transition Reynolds number of planar jet.

5 depth of subcritical liquid sheet (m).

St Stanton number, q,/[pc,u, (T, — Tp)].

¢ wall thickness (m).

T liquid temperature (K).

T, temperature of incoming liquid jet (K).
T, temperature of wall (K).

Ty liquid surface temperature (K).

Ta freestream turbulence intensity, u,,,/i;.

w,v  liquid velocity components in radial, axial direction of cylindrical
coordinates or in x,y direction of Cartesian coordinates (m/s).

W rms turbulent velocity fluctuation in jet (m/s).

7 bulk velocity of incoming jet (m/s).

u, velocity of liquid sheet averaged across thickness A (m/s).
u, free surface velocity of liquid sheet (m/s).

i, bulk velocity of gravity affected jet at target (m/s).

u(r) radial velocity just outside boundary layer (m/s).
u,(x) planar velocity just outside boundary layer (m/s).

V... centerline velocity of incoming jet (m/s).
w width of planar impinging jet (m).

We  jump Weber number, s./pg/o.
We, jet Weber number, puid/c.

X coordinate along the wall in planar flow or coordinate along jet axis for
roughness data (m).
y axial coordinate in cylindrical coordinates or vertical coordinate in

Cartesian coordinates (m).

Greek Letters

thermal diffusivity of liquid (m?¥s).

coefficient in similarity equation.

99% thickness of momentum boundary layer (m).

local rms surface roughness of turbuient jet (m).

conduction thickness of thermal boundary layer, or integral solution for
thermal boundary layer thickness (m).

M e e, e

similarity coordinate or dimensionless wavenumber.

D 3

polar angle of spherical coordinates.
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dynamic viscosity of liquid (kg/m s).

kinematic viscosity of liquid (m?¥s).

splattered fraction of impinging jet’s liquid, 0,/0.
density of liquid (kg/m?).

liquid-gas surface tension (N/m).

velocity potential (m?/s).

stream function (m%s).

scaling parameter for splattering, Eqg. 84.

2 €9 Q0Ynm<®

Superscripts

()  average value

1 INTRODUCTION

Liquid jet impingement cooling offers very low thermal resistances and is relatively
simple to implement. Liquid jets are easily created using a straight tube or a contract-
ing nozzle, and this nozzle can be aimed directly toward the region of a heat load.
When the jet strikes the target surface, it forms a very thin stagnation-zone boundary
layer that offers little resistance to heat flow. Convective heat transfer coefficients
can routinely reach 10 to 100 kW/m2K.

These high heat transfer coefficients make liquid jet impingement attractive in
situations where a high heat load must be removed while maintaining a minimum
temperature or temperature difference within the system. For example, in some
semiconductor laser systems, junction temperatures must be held below 150°C, while
heat loads may reach 10 MW/m?. Much attention has been given to jet impingement
cooling of electronics.

An impinging jet defines its own flow field, often without the need for added
channeling or target modifications. Jets are particularly useful when cooling systems
must not add interfering hardware or make structural changes to the cooled object.
For example, a fixed nozzle at the end of a processing line can cool each successive
item passed under it, and in some automotive engines, oil jets cool the undersides of
the piston crowns.

Liquid jets can also carry extremely high heat fluxes, if the velocities are such as
to produce a high stagnation pressure. Small diameter water jets at speeds near 100
m/s have removed heat loads of up to 400 MW/m? Liquid jets are well-suited for
cooling very localized, high-flux heat sources.

The jets of interest in the present article are unsubmerged jets, those that travel
through a gas between the nozzle and the target (Figure 1). These jets are only similar
to submerged jets in the stagnation region, and then only when the submerged jet is
less than about 5 diameters in length.
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Figure 1 Laminar impinging jet: Rey = 51,000, d = 5.0 mm, sharp-edged orifice, adiabatic target.

This review focuses on convective heat transfer for both axisymmetric and planar
impinging jets. The effect of nozzle design, which can have a substantial it.lﬂucnce
on heat transfer, is discussed in Section 2. Theoretical results for the stagnation zone
are described in Section 3; the inviscid'stagnation flows of jets are a key issue th‘ere,
as they are necessary in using the more standard boundary layel'“ resultg. Expressions
for calculating the stagnation-zone Nusselt number are given in Section 4. .

Downstream of the stagnation zone the boundary layer grows, and conyectwe heat
transfer is generally less efficient. Downstream results for 1ami.na:r jets apd for
turbulent planar jets are given in Section 5. Turbulent axisymrn?mc )'ets are ireated
separately in Section 6. One specific feature of the latter jets is their Fer}deqcy .to
splatter upon impact, sometimes atomizing more than 50% of the jet’s liquid.
Splattering phenomena are covered in Section 6.1. o .

Section 7 briefly reviews some additional aspects of jet 1mp1ngement', Wemﬂcaﬂy:
average Nusselt numbers, moving walls, electronics cooling, and boiling. Finally,
Section 7.5 describes how liquid jets have sustained the highest steady-state heat
fluxes ever reported.

2 NOZZLES FOR LIQUID JETS

The nozzle that produces a jet determines its velocity profile and turbulence chara&
teristics, as well as its contraction coefficient and its propensity for splattering or
breakup. Each of these features can have a significant impact on the heat transfer
characteristics of the jet, particularly in the stagnation zomne.
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A relatively large literature addresses the design of nozzles for liquid jets. Most
of this literature is directed toward application to fire-fi ghting nozzles and jet-cutting
nozzles, where the general design objectives are to achieve a high discharge coeffi-
cient and to inhibit jet breakup and spreading [1-5]. Those aims are generally best met
by minimizing turbulence in the liquid leaving the nozzle.

In the context of cooling nozzles, the stability of the jet is important mainly for
large nozzle-to-target separations, where breakup of the jet may disperse the coolant
and splattering of the jet can reduce the flow along the wall. When the nozzle-to-
target separation is small (a few nozzle diameters or less), breakup and splattering are
less of an issue. Instead, velocity-profile nonuniformity and turbulence are of greater
significance, because they can markedly increase the stagnation-zone heat transfer.
These effects are illustrated in Figure 8, below.

The velocity profile and turbulence level must usually be determined for each
individual nozzle configuration. Key features of a nozzle that affect these properties
are [4]: (1) the contraction ratio, D/d, from the upstream diameter, D, to the outlet
diameter, d,, of the nozzle; (2) the boundary layer development within the nozzle,
generally a function of the length of the contracted portion of the nozzle and of the
interior roughness of the nozzle; and (3) the interior streamlining or contraction angle
of the nozzle. Some typical axisymmetric nozzles are shown in Figure 2.

A strong contraction will tend to damp turbulence in the jet. Sharp-edged orifices
(Figure 2a), in particular, can produce laminar jets having uniform velocity profiles,
provided that the orifice diameter, d,, is small relative to the size of the plenum above
it. Such jets experience an additional contraction after leaving the nozzle, so that the
ratio of jet cross-sectional area to orifice area is less than unity; this ratio is called the
contraction coefficient and for sharp-edged nozzles its value is C. = 0.6 [6,7]%.
However, the high contraction ratio and stable upstream flow needed to produce
uniform laminar jets are not usually achieved in practice. For example, nozzle
contraction ratios are limited by the jet diameter (d) required and a maximum feasible
supply line size (D), and turbulence or secondary flows upstream of the nozzie are
seldom fully damped.

Boundary layer development along the walls of the nozzle is a primary cause of
velocity nonuniformity in the jet for both laminar and turbulent flow. The extent of
boundary layer growth depends on both the length of the nozzle and the degree of
contraction (or flow acceleration) within the nozzie. The long straight tube nozzles
(Figure 2d) used in many impingement cooling experiments have no contraction and
may allow complete boundary layer development. Their flow is fully developed if the
nozzle length, L, is more than about 40 diameters, with laminar flow occurring for
Reynolds numbers below 2000 to 4000. The laminar jets obtain a parabolic velocity
profile, and fully developed turbulent Jets take on a blunter nonuniform profile.

A strong contraction suppresses boundary layer growth and turbulent transition in
the boundary layer, but a terminating straight section beyond the contraction can
promote boundary layer development (Figure 2b). In the context of long-throw

*The velocity coefficient is essentially unity.
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Figure 2 Typical axisymmetric nozzles for liquid jets (dimensions in mm) [3,4,5,7].

nozzles for jets, Hoyt and Taylor [5] developed a contracting nozzle that suppresses
boundary layer development (Figure 2c¢); a similar design was proposed by Rouse et
al. [1]. On the other hand, when turbulence is desired ff)r quick jet breakup — or
possibly for cooling enhancement — internal roughening of a short nozzle can
promote the rapid establishment of turbulence; this technique has been demonstraied
by Rupe (Figure 2¢) [4]. .

" Interior streamlining of a nozzle’s contraction will prevent flow separation, thu.s
reducing head loss and turbulence. For high Reynolds numbers, sqch stre.arrﬂm?x’g is
subject to the same considerations as apply to wind-tunnel cgmractlon demgn [8] : and
nozzles having sophisticated streamlining have been used in sev‘eral studies [1,2,5].
A more easily machined form, on the other hand, is a conyerglqg cone of a small
angle; such nozzles have shown good results in several studies (Flgure 2bc). Updes—
ired secondary flows or turbulence can be further reduced by adding flow straight-

s upstream of the contraction.
ensllrf ;lf;:)neral, the performance of any nozzie will vary with its Re?.y.noids nun?ber,
owing to changes in boundary layer development, changes the posmon' of lanupar/
turbulent transition, and at hi gh Rey, air drag on the jet. For slow small diameter jets,
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surface-.tension effects can have some influence [7.9]: when We, < 100, the iet
contr'actlon is increased, and for We, below 8, the nozzle chugs ratﬁer than ’ﬂowijn
§tead1}y. In addition, small irregularities on the lip of a nozzle can cause nonuniformitiei
in the liquid jet surface that promote unsteadiness and breakup.

2.1 Nozzle-to-Target Separation Effects

The distance, /, between a nozzle and the target on which the jet impinges can
influence t_he liquid flow in several ways. First, if the jet is far from the target
turbu?en.ce in the jet and air drag on the jet can promote atomization of the liquid ill‘
Firag is likely to be important for Reynolds numbers above 50,000, but its ov;arall
impact also depends on the length of the jet [10]. Because Jet breakup is treated in
-great detail in the literature, it is not reviewed here.
Secqnd, turbulence within a long jet causes surface roughness that can lead to
splattering of liquid droplets off of the target after the jet impacts. Splattering
Phenomena are covered in detail in Section 6.1 below. Splattering is of greatest
1mportance at Weber numbers above several thousand and for nozzle-to-target separa-
-tions of more than about 15 jet diameters. o
T?urfi, a large nozzle-to-target separation allows time for viscosity or turbulence
to 'ehmmate velocity nonuniformity in the Jjet, so that the profile tends to bec:)me
uniform ?t the jet’s bulk velocity. While a number of studies have examined the rate
of .velocny profile relaxation [11-13], no general criteria appear to have been
delineated. However, the experimental results show that: (1) laminar Jjets may require
up t.o 2Q nozzle diameters to relax fully; (2) turbulent jets relax much faster than
i:z;ug?r _]t;ts, z;ach}ng a nearly uniform profile within 3 to 5 diameters; and (3) the
relaxation is not simy i i
deponds om et spond oo Séy a function of Reynolds number, although it clearly
. Fourth, for slow jets flowing vertically downward, gravitational acceleration
Increases the jet speed and decreases the diameter. The Bernoulli equation and mass

convervation show that the jet velocity and diameter
T at the target, u, and d,, are
to the nozzle outlet values by: s raereined

- [
”:‘m 1

[u;

= @)

From these equations, it follows that the s is withi
1 th , peed at the target is within 10%
d,, within 5% of d) if 8llu,< 0.1. ) I oty (and
‘ Fmtally, it should be mentioned that turbulence levels within the liquid may vary
with (hstance.from the target, owing to both the growth of liquid surface roughness
and the damping effect of viscosity. However, experiments have shown that nozzle-
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to-target spacing has little net influence on turbulent jet stagnation-zone heat transfer
(see Section 4.4.4).

2.2 Submerged Jets and Arrays of Jets

Submerged jets, confined jets, and arrays of jets behave differently than the single,
unsubmerged jets that are the focus of this article. However, each of the former
types of jet may exhibit stagnation zone behavior similar to the latter type under
some conditions.

Several comprehensive reviews have dealt with submerged impinging jets [14,15].
For present purposes, it is useful to note that the stagnation zone of a submerged jet
is identical to that of an unsubmerged jet if the submerged jet is within 5 to 6
diameters of the target, so that its core has not begun to mix with surrounding fluid.
Downstream of the stagnation zone, however, a submerged nozzle produces a
growing turbulent wall jet that behaves quite differently than the liquid sheet pro-
duced by an unsubmerged nozzle.

Sometimes an impinging jet may be closely confined. One such design uses a pair
of concentric tubes to produce an impinging jet from the inner tube that is confined
at larger radius by the slightly longer outer tube. After striking the cooled target,
which caps the outer tube, the liquid is drained through the annular region between
the outer and inner tubes. This configuration is intended to produce stagnation-zone
conditions (and high heat transfer coefficients) along the capping target. Such de-
signs have been used occasionally to, cool plasma-arc targets, and results for an
electronics-cooling application have been given by Besserman et al. [16].

Arrays of impinging unsubmerged jets have been examined in only a few studies
[17,18], although such arrays are common in submerged gas-jet designs. The
appeal of a jet array is that more of the target surface can be exposed to the high
heat transfer coefficient of the jets’ stagnation zones. For unsubmerged jets, the
principal drawback of jet arrays is the potentially poor drainage of liquid from the
region between adjacent jets, which can cause poor heat transfer there. Nonethe-
less, development of liquid jet arrays is ongoing, and the possibility of a successful

design should not be excluded.

3 STAGNATION ZONE THEORY

This section provides the theoretical description of the stagnation zone flow and heat
transfer. The main results are theoretical expressions for the stagnation zone Nusselt
pumber. Experimental support for the theory is cited where it is available.

Near the point of impact, an impinging jet’s fluid flow and heat transfer charac-
teristics are described in general terms by the usual resuits for the stagnation zone.
The flow field can be divided into an outer region of essentially inviscid flow and an
inner viscous boundary layer region [19]. The two regions are coupled in the usual
asymptotic sense by matching the inviscid solution at the wall to the boundary layer
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solution at infinity, so that the near-wall inviscid flow defines the freestream of the
boundary layer.

The analytical solution of the stagnation-zone boundary layer is a classical prob-
lem [20-22], whose results depend primarily on the radial velocity gradient of the
inviscid flow near the stagnation point. To adapt stagnation zone boundary layer
results to impinging jets, this gradient must be determined. Thus, analysis of the
stagnation zone requires first a solution for the inviscid flow of the jet and then
application of the boundary solutions for the flow and temperature fields. Together,
these lead to expressions for the wall heat flux and the Nusselt number.

3.1 Inviscid Outer Flow

The inviscid flow field of an impinging jet is defined by: a free streamline boundary
condition at the liquid surface; an impermeable wall onto which the jet impacts; and
assumed forms of the inlet and outlet velocity profiles (Figure 3). If the inlet profile
is irrotational (e.g., uniform), the velocity field can be obtained using potential flow
theory (V¢ = 0); otherwise, the Euler equations must be solved.

In all cases, the stagnation-zone flow has radial velocity distribution at the wall
given by

u(r)=Cr+..., r—0 3)

for C = (du,/drl,y) a constant radial velocity gradient. This result is necessitated by
the kinematics of any stagnation zone (for irrotational flow, see Reference 23); the
constant C, however, depends on the specific inviscid flow considered. For later use
in heat transfer analyses, it is convenient to nondimensionalize the wall gradient:

Bzziduf
u, dr

“)

r=0

The inviscid flow near the stagnation point has a wall pressure distribution given by

) = po+ B -u(y) )
= P S ()’ ©

for p,. the ambient pressure and P the stagnation pressure. If the jet is nonuniform,
u; refers to the centerline velocity of the jet away from the target; if surface tension
pressure is significant, only Eq. 6 applies [9]. Measurements of the wall pressure
distribution have often been used to determine u,(r).
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The potential flow is independent of Reynolds nurpber afxd gcales vs‘/ith the inlet
speed and jet diameter. Low levels of turbulence in the mc.:ommg jet are likely tolhave
only slight effects on the mean velocity distributiog outside the wall.bourlldary ayer,
so the inviscid solutions should apply to either laminar or turbulent Jets,.1.f those jets
have the specified inlet velocity profiles. In addition, the b(?undary conditions on the
free streamline (no shear stress, pressure constant at p,.) will apply for stea((iyl jets of
any density; thus, solutions that have been obtained in the context of non@xmg gg(:;
jets (no entrainment of surrounding fluid) apply equal?y v'vel‘l to unsgbmerg}e.d liqui
jets. The similarity between submerged jets and free hqmq jets obviously fails once
the submerged jet begins to mix with the surrounding fiuid.

d Figure3 Impinging jet configurations for
(a) inviscid flow solutions: (a) axisymmetric;
1 vt (b) planar.
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3.1.1 Uniform Velocity-Profile Circular Jets. Jets of uniform profile are typical of
those created by a sharp-edged orifice several diameters downstream of the outlet and
at any Reynolds number well above unity. Analysis and experiments on impingement
of such jets date from the late 1920s [6]. Schach [24,25] obtained approximate solutions
for the velocity and experimental measurements of wall pressure; the solutions and
pressure data agreed reasonably well in the sense of Eg. 5. Subsequent analytical
solutions for normal impingement were found by Shen [26] and by Strand [27].
More recently, the problem has been revisited in detail by Liu, Gabbur, and
Lienhard [9], who expanded the velocity potential, ¢, in a series of Legendre

Qolynomials and obtained numerical solutions for the coefficients, incorporating the
liquid surface tension. Their result was

#(r,6) N r
(2ud) P (%

2n
ZJ) P,,(cos6) @)

for spl‘.len'cal cqordinates (r, ©) with origin at the stagnation point and polar axis along
the axis qf the jet. Values of the coefficients are given in Table 1. The velocity along
the wall just outside the boundary layer, u,(r) = d¢/0r,_,, is then

“_;if_):nz;zmh (%) —]Pznw)=<—A2>[7’g)+(3%)(772)3*"' ®

From this, the dimensioness stagnation-point velocity gradient is

2n

B=-A4,=1.831 9)

for infinite Weber number; lower Weber number values are shown in Figure 4.
Values of B from the various investigations are compared in Table 2.

Table 1  Coefficients of Velocity Potential from
Liu et al. [9]

We, o 50 25 16.7
A, ~1.83128 -1.88145 -1.94351 ~2.0145
Y 2.36521 2.85814 3.46923 421339
A, 0.590615  -0.0155255  -0.800645  —1.82463
Ay, —14.8129 ~19.0321 ~24.3046 -30.7791
A, 133533 204228 29.3757 40.6072
A, 507441 68.7357 91.3149 119.258
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2 40 T T T T Figure 4 Inviscid stagnation-point ve-
locity gradient, B = 2(d/uy) (du,/dr), in-
cluding effect of Weber number for uni-

220 form velocity profile [9].
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The velocity and pressure distributions along the wall are shown in Figure 5, and
Figure 6 shows the calculated pressure field.* Figure 7 shows the vertical distribu-
tions of velocity and radial velocity gradient.

The velocity distribution is well approximated by a linear distribution

u, 2d d

for #/d < 0.5, and the pressure distribution can be estimated using this result and Eq.
5 to within about 10% for r/d < 0.5. Heat transfer data suggest that the stagnation
zone can reasonably be approximated to extend as far as r/d = 0.7 from the actual
stagnation point. For r/d > 0.7, boundary layer growth must be taken into account (see
Section 5).

3.1.2 Parabolic Velocity-Profile Circular Jets. Jets of parabolic profile are cre-
ated by a laminar flow issuing from a long circular tube at Reynolds numbers below
2000 to 4000. The parabolic profile will diffuse toward a uniform velocity profile as

Table 2 Velocity Gradients at the Stagnation Point during Laminar
Circular Jet Impingement: B/2 = {(d/u,) (du, /dr)

Investigators B2 Jet type Inlet velocity profile i Wey
Schach [25] =~ (.88 Circular Uniform 1.5 oo
Shen [26] 0.743 Circular Uniform 1.5 oo
Strand [27] 0.903 Circular Uniform 1.0 oo
Liu, Gabour, and 0.916 Circular Uniform 1.0 oo
Lienhard [9] 0.981 Circular Uniform 1.0 50
1.06 Circular Uniform 1.0 25
116 Circular Uniform 1.0 16.7

Scholtz andTrass [28] 4.69 Circular Parabolic 0.05-0.5 o0

*Figure 6 corrects mislabeling of the level curves shown in Liu et al. [9); Table 2 also incorporates a few corrections.
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1.0 R B R .
i b/Ee 20,10 | Figure 5 Velocity and pressure variation
os along the target plate (/4 = 0) for several
o . . values of Weber number, inviscid flow, and
p/F, - Weg =@ B uniform velocity profile [9].
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the jet travels to the target, if the jet is long enough for viscosity to act; if the nozzle
is within a few diameters of the target, the parabolic distribution should persist.

Inviscid analytical solutions for this case were obtained by Scholtz and Trass [28]
for nozzle-to-target spacings of 0.05 < /d < 0.5. To leading order, the velocity along
the wall near the stagnation point for I/d = 0.5 is

1%
ue:2.323[—';&)r, rid<0.4 (11)

for V,,, the maximum (centerline) velocity in the nozzle and d the nozzle diameter,
To the accuracy of the numerical solutions, the constant in Eq. 11 is unaffected by
I/d in the range 0.05 < l/d< 0.5. Scholtz and Trass also obtained experimental results
for velocity and pressure distributions over the range 0.05 < l/d < 6.0. The experimen-
tal results show little sensitivity to l/d for /d > 1. As the nozzle is moved closer than
1 diameter from the target, constriction alters the flow field downstream of the
stagnation point; however, at the stagnation pointitself, the velocity gradient remains
unaffected. The experiments showed that the stagnation-point pressure distribution

1.00
Figure 6 The inviscid pressure distribution,

p/Py, for Wey — oo and a uniform velocity

0.80
s profile [9].
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T T Figure 7 Vertical profiles of downward veloc-
|6 ¢ o | ity, v, and radial velocity gradient along jet
L 2;,‘ ar |r= o | centerline for uniform profile, inviscid flow as
: Wegy — o0 [9].
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was within 10% of that given by Eqs. 5 and 11 for #/d < 0.4 and all nozzle spacings.
Note that this is a slightly smaller stagnation zone than is obtained with a uniform jet.
In terms of bulk velocity, u, = V,,,./2, the dimensionless velocity gradient of the
parabolic jet is
d du |

B=2—T =4.646 (12)

123 r =
f r=0

The experimental results generally support this equation for 0.05 < l/d < 6. Most
importantly, the parabolic-profile jet has a velocity gradient 2.5 times higher than
the uniform jet, which (as we shall see below) raises the heat transfer coefficent
substantially.

3.1.3 Results for Planar Jets. The planar impinging jet with uniform velocity
profile can be solved exactly in terms of the complex velocity potential [24,29]. The
solution allows for nonnormal angles of impingement as well.

For normal impingement, the velocity distribution near the stagnation point can
be found by expanding Milne-Thompson’s solution [29]. To leading order

‘
u, (X>=%L%f,—}x ‘ (13)

for x measured along the wall from the stagnation point and w the width of the jet.
This approximation is accurate to within 10% for x/w < 1.1. It follows that

w du,
u, dx

B=12

A
5 (14)

X =0

Pressure measurements beneath uniform planar waters jet [30,31] are within 10% of
those predicted using Eqs. 5 and 13 for x/w < 1.0, if jet width and speed are corrected
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for the contraction caused by gravitational acceleration. Additional, detailed experi-
mental studies of planar impingement (including nonnormal impact) are described by
Schach [24].

Nozzle-to-target effects on were investigated theoretically by Strand [32] and
Miyazaki and Silberman [33]. Analytical solutions for parabolic-profile plane jets
were obtained by Sparrow and Lee [34], including nozzle-to-target effects. The
corresponding values of B are given in Table 3 and show significant dependence
on lfw.

Wolf et al. [35] studied the effects of velocity nonuniformity in a turbulent,
parallel-plate nozzle. For that particular nozzle and Reynolds numbers of 15,000 to
54,000, the centerline velocity was up to 11% higher than bulk velocity. The value
of B inferred from wall pressure measurements was roughly 20% greater than fora
uniform velocity-profile Jjet, owing to the nonuniformity of the profile.

3.1.4 Other Cases. The value of B will vary if other velocity profiles are produced
by the nozzle employed. The uniform profile and parabolic profile probably provide
bounding values for mos; nozzles.

Downstream variations in the flow field can also alter conditions at the stagnation
point. Some evidence suggests that, for low Reynolds number circular jets, viscous
boundary layer growth downstream of the stagnation zone may tend o retard the

3.2 Laminar Boundary Layer Theory

The boundary layer equations along the wall beneath the jet differ sk ghtly for planar
and axisymmetric flows. For the planar case, appropriate forms of the equations are

%+%=0 (15)

Table 3 Velocity Gradients at the Stagnation Point during Planar
Laminar Jet Impingement: B/? = Wiy (du,/dx); zero surface
tension, values from Reference 34

Investigators B2 Jet type  Inlet velocity profile 1%
Miyazaki and Silberman [33] 1.93 Planar Uniform 0.5
0.890 Planar Uniform 1.5
/4 = 0.785 Pianar Uniform o0
Sparrow and Lee [34] 3.48 Planar Parabolic 0.25
3.23 Planar Parabolic 0.375
3.03 Planar Parabolic 0.50
3.03 Planar Parabolic 1.5
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2
WO, | O (16)
ox dy ©dx dy

UtV — =0y 17

. o . .
for (u,v) the (x,y) components of velocity. In a -cyhndn.cai coordinate system (r,y)
with velocity components (u,v), the axisymmetric equations are

M+9;;v)=0 (18)
or
du, &
u%%—v%:ue d“e +v-&}—g (19)
2
AN AT 0

. o . d
These equations are self-similar for appropriate vanatlolns (f)f tltliefrsﬁzzzgzgr:nsgiie
& istorically noteworthy results for
and the wall temperature. Historically o 1361, Homets 2] o
i i 20], Homann [21], Goldstein [36], s

were published by Hiemenz | . . , lanar flow and energy

i i i fficient to note that the planar 3

Silbukin [37]. For our purposes, it is su . o Skan 135) and Fos

i i f the results obtained by Falkner an :

o Fakner (30 ses ective i ic case, after application of Mangler’s
Falkner [39], respectively; the axxsymmem.c case, ; : : ‘

Znéisf?)rmation [40], is also a Falkner flow. White [41] provides a unified discussion

both types of stagnation zone. . '
o For u}g) = Cx, the planar solutions appear in terms of a stream function v and

similarity coordinate 7}:

yr=(vau )" f(m) @b
e @2)

77-,,VV .
f’”+f_f”=ﬁ<f’2 _1) (23)

with 8= 1. For the axisymmetric case, with u(r) = Cr apd an axisymmetric stream
function {1 = (1/r)(Qwidy), v = —(1/r)dw/or)], there obtains:

y/.—.v%(vme)”zf(n) 24
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where f(n) is the solution of Eq. 23 with = 1/2. Numerical soluti
u’e are given for both cases in Table 4 (with bound
Sf'(e0) = 1; data from Reference 42).

Table 4 Velocity Similarity Function f ‘()
= u/u, for planar (8 = 1) and Axisymmetric

(B = 1/2) Stagnation Boundary Layers

ons for f(n) = w/
ary conditions f(0) = f'(0) = 0 and

B=1
f7(0)=1.2326
n fm
0.0 0.0000
0.1 0.1183
0.2 0.2266
0.3 0.3252
0.4 0.4145
0.5 0.4946
0.6 0.5663
0.7 0.6299
0.8 0.6859
0.9 0.7351
1.0 0.7779
1.1 08149
1.2 0.8467
13 0.8738
14 0.8968
15 0.9162
1.6 0.9323
17 0.9458
1.8 0.9568
1.9 0.9659
2.0 0.9732
22 0.9839
2.4 0.9905
26 0.9946
28 0.9970
3.0 0.9984
3.2 0.9992
3.4 0.9996
3.6 0.9998
38 0.9999
4.0 1.0000

=11
f7(0)=0.9278
7 S
0.0 0.0000
0.1  0.0903
02 01756
03  0.2559
04 03311
05 04015
0.6  0.4669
07 05275
08 05833
09  0.6344
1.0 06811
L1 07234
1.2 07614
13 0.7955
1.4 0.8258
15 0.8526
1.6 08761
1.7 0.8965
1.8 09142
1.9 09294
20 09422
22 0.9623
24 09761
2.6  0.9853
28 0.9913
3.0 0.9950
32 0.9972
3.4 0.9985
36 0.9992
3.8 0.9995
40  0.9998
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The energy equation is also self-similar for wall temperature variations of the
form (T, — Ty = Dx" or Dr" [39]. If

w

(1,-7)=(7, -7 )em (26)

then we have for either case

g”+Pr fg' —nPr(2-B)fg=0 @7)

with g(0) = 0 and g (e0) = 1. For uniform wall temperature (n = 0), the equation can

be solved easily:

U T
jexp HPrf(n)dn )
(4] (4] N
(28)

j:;xr) (mjnl’r f(mdn w

0 /

g(m=

The Nusselt number can be calculated directly in terms of g. For planar fiows,
hx ’ 4
Nu, =2 =[g/(0) 5., |Re!” (29)

while for axisymmeitric flows:

hr ~ P
Nu, =" =2 {g (0) B:uz]Reﬂ’z o)

for Re, = u,(x)x/v and Re, = u (r/v.
Because #, is linear in x or r, the heat transfer coefficient, %, is independent of x

or r. In other words, the thermal boundary layer has a uniform thickness within the
stagnation zone. The constant value of k also implies that uniform wall temperature
and uniform heat flux boundary conditions are identical. Because the x and r
coordinates effectively have no role, we may recast the solutions in terms of the

stagnation point velocity gradient:

:f_?jﬁ_ reen 172 5
Nu, =" =& |Rel \/2 31)
and
hd
Nudz?:{g'(m{ﬁ:m]lze;”«/B (32)
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for Re,, = uw/v and Re, = updlv.

The function g’(0) can be evaluated numerically at each Prandtl number. Alterna-

tively, curve fits can be used within gi . _
case- in given ranges of Pr with n= 0 [41]. For the planar

2P/
‘ Tﬁﬁ ‘ Pr<0.15
£'(0) 5, =10.57047Pr"* 0.15<Pr<3.0 (33)
0.660765(Pr)""* ~0.076539- Pr=3.0

and for the axisymmetric case:

msf%m Pr<0.15
£ (0) p=1/2~ 0.53898 P 0.15<Pr<3.0 (34)
0.60105(Pr)""* ~0.050848 Pr=3.0 [

cher curve fits have occasionally been applied for 0.7 < Pr < 10: for planar fi
&'(0) = 0.57Pr"¥7, for axisymmetric flow, £'(0) = 0.54Pr097, . ’ o
Equations 31, 32, 33, and 34 provide theoretical expressions for the stagnation-
zone heat transfer for any value of B, These equations apply to either uniform wall
temperature or uniform heat flux. Power law variations of wall temperature can also
be evaluated with Eq. 27. With such solutions, any power series expression for wall
temgerature can be treated using superposition; some solutions of that type have been
published for circular impinging Jets by Wang et al. [43]. Wang et al. also examined

the impact of the above-negligible radial conduction terms for ve

in wall temperature. ry abrupt changes

3.2.1 Bound.ary Layer Thicknesses. The stagnation point boundary layers are often
extremely thin. The 99% momentum boundary layer thickness for planar flow is

8 339
w

" BRT G3)

while that for axisymmetric flow is

2.76

J_
d Bl/2 Re;/2

(36)
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For example, a 5-mm-diameter, uniform-profile jet at Re, = 6 X 10* has § = 42 um.
The thermal boundary layer thickness, &, can be easily estimated from the conduc-
tion thickness: Nu, = d/é,

4 STAGNATION ZONE NUSSELT NUMBERS

In this section, formulae for calculating the stagnation zone Nusselt number are
summarized for both laminar and turbulent unsubmerged liquid jets. Some theoreti-
cal aspects of turbulent jets are also discussed. The equations given below should
apply for either uniform wall temperature or uniform heat flux situations, although
most of the experiments cited were performed as temperature measurements along
uniform heat flux surfaces. Properties should be evaluated at the film temperature of
(T, + TY2.

4.1 Laminar Jets

The laminar expressions are obtained from the theory laid out in the previous section,
specifically Egs. 31 to 34 with appropriate values of the velocity gradient, B. For a
given vaiue of B, these equations, and others in the literature, differ mainly through
the curve fit chosen for g'(0).

Comparisons to experiments are described where they are available. The lami-
par theory generally works quite well when turbulence is eliminated; however, it
must be emphasized that turbulence "in the impinging jet has been reported to
increase the heat transfer coefficient by 30 to 150% beyond that predicted in the
following equations. '

Nozzle-to-target separation can be expected to influence a laminar jet if: (1) a
sharp-edged nozzle is placed too close to the target to complete its contraction, so that
a uniform profile is not achieved; (2) if a tube nozzle is placed far enough from the
target that viscosity diffuses the parabolic profile toward the bulk velocity: or (3) if
the jet velocity is low enough that gravitational acceleration causes significant
variation in jet speed and size.

4.2 Laminar Circular Jets

4.2.1 Uniform Velocity-Profile Circular Jets. For uniform velocity profile lami-
nar jets, Liu et al. [9,44] find

Nu,=0.745Re!/* pr'’? (37)

This result is based on theory and on experiments with cold water. It should apply
for all Reynolds numbers above 300 to 400 and for liquids having Prandil numbers
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above 3 or so. The Nusselt number within 10% of the above value for r/d < 0.7; at
larger radii, the heat transfer coefficient decreases rapidly. The theoretical lead
constant is 0.813, but in the above equation it has been adjusted downward (by 9%)
to bring it into close agreement with experimental data taken in the range 25,000 <
Re,;< 130,000 using long cold water jets and sharp-edged orifice nozzles of 6.3 and
9.5 mm diameter. This equation was found to overpredict Nu, for water jets of d =
2.5 mm by about 15%. A similar equation was given by Nakoryakov et al. [45] for
high Prandt! number situations.

For nozzle-to-target separations of less than a few nozzle diameters, a sharp-edged
orifice jet is not fully contracted, and the velocity profile is not uniform. In that case,
heat transfer is likely to be higher than predicted here.

Little data are available for lower Reynolds numbers or for Pr < 1 or Pr > 10, For
high Prandtl numbers, the above equation may be used. For Prandtl numbers near
unity (0.15 < Pr < 3.0), the theoretical results can be applied to obtain:

Nu, =0.729 Re!/? pr®4 (38)

For Pr << 1, as occurs in liquid metal jets, theory yields:

Nu, =1.08Re!/? pr!/? (39)

Convective heat transfer coefficients for liquid metal jets are typically 3 to 8 times
greater than those for water Jets of the same diameter size and speed. Such jets may
have value in applications for which very high h is required; for example, jets of

liquid gallium are being considered for use in cooling high energy synchrotron X-ray
components [46,47]. ‘

4.2.2 Parabolic Velocity-Profile Circular Jets. For jets issuing from tubes long
enough to produce a fully developed laminar flow, the velocity profile is parabolic
if the Reynolds number is below the transition value of 2000 to 4000. Theory and
experimental data by Scholtz and Trass [28] show

Nu, =1.648 Rel/? pr®! (40)

This equation should apply for 1 < Pr < 10 and Reynolds numbers ranging from 100
to 200 up to 2000 to 4000. This equation is in good agreement with sublimation
experiments for Pr = 2.45 and 500 < Re, < 1960, and it appears to be unaffected by
nozzle-to-target separation for 0.05 < I/d < 6.*%

*  Submerged air jets between 19 and 51 mm diameter were used;

U/d was small enough for these jets to behave as
unsubmerged jets near the stagnation point.
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The size of the uniform-# stagnation zone for this case is roughly r/d < 0&5 , bu(;
the Nusselt number is within 10% of the stagnation-point value for r/.’d <0.4; ey(;n
this radius, the Nusselt number usually decreases sha@ly. An exceptlfm ofcc;:rs w eln
I/d £ 0.1, for which case Nu,can actually increase with r/d as the edge of the nozzle

is approached.

4.2.3 Other Laminar Velocity Profiles. Other laminar‘nozzles may produce ﬁmﬁlis
intermediate to the uniform and parabolic cases, depending, for example, on the ;ttz;] e
of flow development associated with the nozzle’s entry length. If ﬂ'le v‘alueA: of the
dimensionless gradient B is known, the theore‘tical results of the prgcedmg st;cuo;xercrllzjsr
be applied. Otherwise, the values of & for uniform and parabolic jets may be u
lower and upper bounds, respectively.

4.3 Laminar Planar Jeis

A limited body of experimental data is available for laminar planar jets. Some
theoretical equations and the experimental results are as follows.

4.3.1 Uniform Velocity-Profile Planar Jets. Uniform velocity-profile planar lami-
nar jets can be produced by sharp-edged slot nozzles [6]. For 0.7 < Pr < 10, Inada et
al. [31] recommend the theoretical equation

Nu,, =0.505Re !/ Pr0¥s S

which shows good agreement with a long laminar water jet e)fper}m;:gt at;)e‘:; 1}9(;2&
They point out that their experiments with a turbulent v&{ater jet lie x/to 5 ;
this equation. The Nusselt number is within 10% of this val’ue for w < 0.8.

For uniform-profile liquid metal jets (Pr << 1), a theoretical equation is

Nu,, = LE Rel/ pr'’? 42)

N

4.3.2 Parabolic Velocity-Profile Planar Jets. For parabolic velocity profile jlets,
such as produced by a long parallel-plate channel with Reynolds numbers below
transition, the theoretical Nusselt number is

Nu,, = 0.993Re!/? Pr%¢ “3)

in the range 0.15 < Pr < 3 with I/d = 1.5. A result of this general form was comparelcli
' by Sparrow and Lee [34] o the sublimation data of Sparrow and Wong [48] fora 12:
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rectangular laminar jet; the prediction is about 10% above the data for Reynolds
numbers between about 500 and 2000, but the deviation was attributable to axial

variations of the nozzl i ; p .
e ozzle velocity profile. The ‘stagnanon—zone result is applicable for

4.11&.3. Other La.minar Planar Jets. Garg and Jayaraj [49] published numerical
solutions for uniform-profile slot jets at nonnormal angles of impingement. Their
results sh(l)w that stagnation-point Nusselt numbers can be 2 to 4 times larger at
acute angles of impingement, but that the width of i i

) th
oronty ro ot ¢ stagnation zone is also

Additional formulae for laminar pl j i i
‘ planar jets may be obtained b i
the theoretical results discussed in Section 3. Y manipulation of

4.4 Turbulent Liquid Jets

The manifolding and piping systems that supply liquid to nozzles are often turbulent
.and, unlegs the nozzle has a very high contraction ratio, this turbulence will be carri e(i
nto .the' Jet formed. A jet issuing from a fully developed tube flow without a
termmatmg nozzle will also be turbulent if the Reynolds number is above about 4000
Turbulent jets have elevated heat transfer coefficients owing to both the direct effecé
of freestream turbulence on the stagnation-point boundary layer and the more indi-

rect f?ffect ofa nom'miform velocity profile on the stagnation-point velocity gradient.
The increases relative to laminar theory may range from 30 to 150%.

4.4:1 Velocity Profile Effects. In contrast to laminar velocity profiles, which
typically vary from uniform to parabolic (with u,,./u. up to 2), the velocity ’proﬁles
of turt.)ulent jets will likely vary between a uniform distribution and the mildi
nonuniform distributions typical of fully developed turbulent flows. In the latter casg
flxglv:)/zivter,Fthe centerline velocity may still be significantly greater than the bulk,
veloet )I; edoi ei);mzzjz; i Rfi/g‘olds number of 4000 in a cn’cular tube, v,,,./u,=1.27,
In this connection, the measurements of Stevens et al. [501 ére relevant. The
made laser-doppler measurements of the radial velocity gradient for several .turbu}—l
lent-flow nozzles located a distance of one nozzle diameter from a target. For a
contoured, converging nozzle, the gradient found was B ~ 2.3. This particular'nozzle
vyould pe expected to have the most nearly uniform velocity profile, and its stagna-
non'-pomt gradient is near the uniform-profile theoretical value of ’B = 1.831. For
laminar heat transfer, this difference in gradients would cause the contoured- noz'zle’s
Nusselt number to exceed that of a uniform profile by about 12%. Correspondin
measurements for a fully developed pipe nozzle showed B = 3.6 at l/d =1[51] wel%
above the uniform value; this difference would increase laminar heat transfér by
41%. One may conclude that variations in B among nozzles can have significant
effects on turbulent jet heat transfer when the nozzle-to-target spacing is small.
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However, all jets will approach a uniform velocity profile at the bulk velocity
when I/d increases, because viscosity tends to elminate radial gradients. Stevens and
Webb [13] found that the bulk velocity was typically reached within about five
diameters downstream of the nozzle. For long jets, one might infer that B — 1.83
(uniform profile) and that the observed increases in heat transfer for long jets result
mainly from turbulence effects.

4.4.2 Turbulence Effects. The stagnation-zone boundary layer is likely to remain
faminar at the jet Reynolds numbers of interest, but turbulence in the impinging jet
will tend to disrupt this very thin boundary layer, raising the heat transfer coefficient.
This effect is very well documented for the stagnation zone of bodies in gas flows.
For example, correlations for the stagnation-zone enhancement have been made {52-
54], and the effect has been clearly documented in gas-jet impingement [55], includ-
ing time-resolved measurements of the turbulent heat flux [56]. That literature has
been summarized by Vader et al. [S7].

The correlations for turbulence enhancement generally add polynomial terms in
(Tu - Re) to the laminar stagnation Nusselt number for the gas fiow, where Tu is the
freestream turbulence intensity (e.g., u’/uf). Thus, if Tu can be estimated, the Nusselt
number is obtained by a modification of the laminar theory. These correlations also
show that the impact of a nonzero Tu increases as the Reynolds number increases.

In contrast, few controlled studies of freestream turbulence are available for
Prandt] numbers above unity (or well below unity), and no correlations or quantita-
tive theory for Tu effects in those ranges of Pr are known to the author. Unfortu-
nately, many applications of impinging liquid jets involve these Prandtl number
ranges: general purpose cold-water jets with 2 < Pr < 10; fluorocarbon jets with 10
< Pr < 70 for electronics cooling; oil jets with Pr > 100 for some electrical and
machine-tool cooling applications; and liquid-gallium jets with Pr = 0.026 for cool-
ing synchrontron X-ray components. '

Most turbulent liquid jet experiments are based on water jets with Prandtl numbers
between 2.5 and 9, and the turbulence levels associated with Tiquid-jet heat transfer
data have been measured in only one or two studies. The associated correlations have
usually fit data to the form suggested by laminar theory, adjusting the lead constant
and Reynolds number exponent as necessary. The Prandtl number exponent is
generally chosen on the basis of the laminar curve-fits to g’(0). Thus, the independent
effects of Tu, Pr, and Re are lumped together in such results to produce simple
engineering equations.

In consequence, the available correlations for turbulent jet Nusselt number are
likely to differ from design conditions if changes in the manifolding or nozzle
arrangements increase or decrease the turbulence level relative to the experiments, or
if the Prandtl number range is substantially different than the conditions of the

experiments considered. Existing data do not clearly bound the expected variations;
however, changes in turbulence level are probably less important than changes in B
for Reynolds numbers below 50,000. Above 50,000, Tu variations are likely to have
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increasing impact. Roughly speaking, any variations will amount to tens of percent,
rather than orders of magnitude.

One well-defined turbulent condition is a fully developed turbulent flow, as issues
from a tube or channel of more than about 40 diameters in length. Turbulence
intensities for such channel flows are generally 4 to 5% in the core of the flow. Several
investigators have adopted such nozzies as a standard for turbulent jets. Other nozzies,
which may often have a strong and well-contoured contraction, are likely to exhibit less
turbulence than this, although they are unlikely to be entirely laminar uniess particular
care is taken in the manifolding and in the deliberate selection of a suitably high
contraction ratio. If, on the other hand, the nozzle has a flow separation within it, the
turbulence level could be significantly higher than for fully developed flow.

For purposes of stagnation-zone heat transfer enhancement, a higher turbulence
level may be desirable. Internally roughened nozzles (e.g., Figure 2e) can provide
turbulence without the added length required to establish fully developed flow; at
present, however, no quantitative design data is available for such nozzles. Hydro-
dynamically, turbulent Jets have the drawback of smaller breakup lengths and a
tendency to splatter. These factors must be weighed if the design configuration calls
for a jet of more than a few diameters in length.

4.4.3 Separating Turbulence and Velocity Gradient Effects. The study by Stevens
et al. [50] and by Pan et al. [58] is interesting in this regard. These investigators used
four different nozzles that produced four different velocity gradients and four differ-
ent turbulence intensities in water jets issuing from a turbulent plenum at J/d = 1.
Nusselt numbers were measured for 16,600 < Re, < 43,700. The velocity gradients
ranged from B = 2.3 to B = 4.4 and the freestream turbulence intensities ranged from
2 to 13%. Corresponding stagnation-point Nusselt numbers differed by 40 to 50% at
fixed Reynolds number.

The values of B and Tu were not entirely independent in these experiments.
Nonetheless, the results showed a much stronger correlation of the Nusselt number
with the size of B than with the size of Tu. Moreover, if the correlation that was
obtained is compared with the laminar prediction using the measured values of B,
the Nusselt numbers agree to within a few percent. These striking results suggest
a relatively weak influence of freestream turbulence in the range of Reynolds
number studied.

This conclusion must be tempered with the recognition that freestream turbulence
effects generally increase in importance as Reynolds number increases, Indeed, water
jet data at higher Reynolds number suggest an increasing turbulence effects: the
Reynolds number dependence of Nu, apparently becomes stronger when Re, in-
creases past a threshold value. This type of change has been observed by both
Faggiani and Grassi [59] and by Gabour and Lienhard [60].

4.4.4 Nozzle-to-Target Separation Effects. Velocity gradients, as discussed above,
vary with the nozzle-to-target separation. The turbulence intensity in the jet should
also vary with //d, as a result of both viscous dissipation of the turbulence and the
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increasing disturbances on the surface of the jet.(see Section 6.1); the‘net cfha;ge 1:;
turbulent fluctuation may well be an increase, given the strong eYolutlon of the rmd
liquid surface roughness. For low-speed jets, gravitational accs:leratlon can caﬂu.se sge;a
and diameter to vary with //d, changes whose size can be estimated (sge Set.tlon . )I.

The effect of varying nozzle-to-target separation has been exarm'ned in seve?aA
experiments [59-61]. Collectively, these studies haYe measured the stagnaﬂgr;—é)ouﬁ
Nusselt number of fully developed turbulent water jets for I[/d between 1 an g ant
Reynolds numbers between 9000 and 130,000. The results show that //d has(v a;) rrilos
no influence for I/d > 5 to 10. The data suggest that, for Reypolds numb‘eru- e‘ 0\;;
about 25,000, decreasing //d from a large value down to \‘ml‘ty may raise Nu‘,t::l s
number by up to 15%. For higher Reynolds number, the variation with I/d is within
the scatter of the data.

4.4.5 Wall Conduction Limitations. High Rcyno%ds number turbu]el?t jets .caz
produce very high heat transfer coefficients, and typical values may easx]y'ex;ee‘!
100 kW/m?. Consequently, the conduction resistance of the targfat surface can’ ]llm,
the heat transfer, even for a relatively thin, metallic surface. Des1gner§ should vd ov&f
for conduction effects in any liquid jet impingement system. Analytical studies o
such conjugate heat transfer have been made b)_/ Wang et al. [62,63]. ation of

For experimentalists building correlations, this difficulty affects the ”e\;; ua,l? !
liquid-side wall temperature when an electrically heated sh(?et (of thic ess 7 an
conductivity k) is used as the test surface and terpperature is measurf?d on its dry
backside. The temperature drop through the heater is AT = g, #/2k,,. ;f this cor;ecltlon
is omitted in calculating the Nusselt number, the value .of Nu, optamed can be owt
This error increases with Reynolds number, and, in typical experimental systems, i
can lower Nu, by 1/3.

4.5 Turbulent Circular Jets

Circular jets issuing from long tubes will have fully developed turbulent flow for
Reynolds numbers above a transition value of 2000 to 4000.
For 4000 < Re, < 52000, Stevens and Webb [61] correlated

Nu, =1.51Re* Pro(/d)™" (44)
to an average error of 15% and a maximum error of 60%. For 16600 <Re, < 43700,
Pan et al. [58] recommend the following correlation for nozzles whose stagnation-

point velocity gradient is known:

Nu, =0.49Rel/? Pr'* B'* (45)

These results are both based on cold water jets; the given Prandtl number expon?}fs
are assumed, but might be expected to apply in general range of 1 to 10. The
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stagnation zone, of constant Nu,, is roughly r/d < 0.7. For a fully developed tube
nozzle at l/d =1, B = 3.6, and the second equation becomes

Nu, =0.92Re!/? pr®* (46)

for 16600 < Re, < 43700 to an accuracy of about 5%.

At higher Reynolds number, both Gabour and Lienhard [60] and Faggiani and
Grassi [59] report a stronger dependence of Nusselt number on Reynolds number.
This may result from an increasing influence of freestream turbulence; however,
further evidence is needed to verify that conjecture. Faggiani and Grassi provide low
Reynolds-number correlations that are in general agreement with Stevens and Webb
for Re, below about 43,000. For higher Reynolds numbers, their Nusselt number
correlations are below Gabour and Lienhard’s by up to 37%, but this difference may
be associated with conduction corrections in the measured wall temperature that only
become significant at high Reynolds number. If such corrections are applied to
Faggiani and Grassi’s reported results, those results become quite close to those of
Gabour and Lienhard. * Alternatively, these differences may result from other differ-
ences between the two experiments, possibly related to turbulence structure or jet
size: Faggiani and Grassi used a much larger jet than Gabour and Lienhard.

For 25,000 < Re, < 85,000, Gabour and Lienhard obtain

Nu, =0.278 Re%% prl/3 47

based on experiments with cold water Jets having 8.2 < Pr < 9.1 and tube diameters
between 4.4 and 9.0 mm. The uncertainty of the data (at a 95% confidence level) is
less than +10%. Gabour found that the effect of changing l/d between 1 and 20 was
within the uncertainty of the data. The assumed Prandtl number exponent is appro-
priate for Pr > 3. :

Figure 8 shows the stagnation-zone Nusselt number of fully developed circular
Jets for 500 < Re, < 10°and Pr = 8, as predicted by Eqgs. 40, 44, and 47. (Eq. 46 is
quite close to those shown, and I/d was set to 1 in Eg. 44. The Nusselt number for
a sharp-edged orifice nozzle (Eq. 37) is also shown.

4.6 Turbulent Planar Jets

Several recent studies have investigated turbulent planar jet cooling in the stagna-
tion zone.

Vader et al. [57,64] and Zumbrunnen et al. [30] used highly converging nozzles
to produce uniform velocity-profile water Jets. These nozzies were intended to

* It should be noted that Gabour’s experiments were conducted with an awareness of the disagreements and that

particular pains were taken to verify all calibrations.
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suppress, but not eliminate, turbulence; presumably, the jets had an rms intensity of
less than a few percent. The stagnation-zone results were correlated as

Nu,, =0.28 Re%% prf4 (48)

based on Re,, 20,000 to 90,000 and Pr between 2.7 and 4.5. The 'Nusselt numbers had
decreased by about 10% at x/w = 1.0. These jets.ran at fairly .low' spee.d, apd,
consequently, corrections for gravitational acceleration were applied in estlmanfrfl_g
the jet width and speed from the nozzle width and speed. ‘The heat_ transfer coeffi-
cients were 30 to 50% above laminar theory, apparently owing to residual turbulence
" m\;ojl?'et al. [35] used a long parallel-plate nozzle to produce fully developed
turbulent jets. They correlated their results to an accuracy of 10% as

Nu, =0.116 Re®” pr®* (49)

based on Re,, from 17,000 to 79,000 and Pr between 2.8 and 5.0. The stfignatigp zone
of uniform Nu,extended to roughly x/w < 0.5. Expected turbulenc.e 1ntensxF1es for
such a flow would be on the order of 4 to 5%; the measured centerline vel-ocu_y was
as much as 11% above the bulk velocity. Note that the heat transfer coefficients were
up to 79% above that for the uniform jet of Vader et al.

4.7 Other Turbulent Liquid Jets

4.7.1 Turbulent Liquid-Metal Jets. For liquid-metal jets, the impact of freestfee.xm
turbulence is quite possibly small, owing to the high mo]ecul-ar condpctlv?x)/
relative to the turbulent eddy diffusivity. In the absence of other mforma.tmn', the
Jaminar results above may be applied to such jets, although tur'bulence will hk:ly
increase the heat transfer coefficient as the Reynolds number increases. Data for
turbulent liquid metal heat transfer are limited [65], however, and this recommen-
dation is somewhat speculative.
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4.7.2 Turbulent Circular Jets Impinging on Rough Walls. The very thin bound-
ary layer of the stagnation zone can be disrupted by even small levels of wall
roughness. Gabour and Lienhard [60] measured the stagnation-point Nusselt number
for fully developed turbulent cold-water jets impinging on surfaces of varying
roughness. They found that roughness of only 28 um rms height could raise the
Nusselt number by up to 50%.

For those experiments, mild steel (1010) surfaces were scored in a cross-hatch
pattern. The depth of scoring was varied to yield a range of rms roughness, 4.7 < k
< 28.2 um, while holding the pattern of roughness fixed. Measurements were made
for nozzles of diameter d = 4.4, 6.0 and 9.0 mm and Reynolds numbers from 20,000
to 84,000. The Prandtl number was held between 8.2 and 9.1. Roughness effects on
the Nusselt number depended on Re,and the dimensionless roughness k* = k/d, as
shown in Figures 9 and 10. On these figures, the lowest curves (k* <0.0008) are
effectively smooth walls; for higher k*, the Nusselt number is greater than for a
smooth surface, and the enhancement rises with Re,. Figure 10 shows curve fits to
- the experimental data that can be used to estimate the effect of roughness and
Reynolds number on Nusselt number at Prandt] numbers in the range of 8§ to 9.

Gabour and Lienhard constructed a curve fit for the threshold Ievel of roughness
at which the Nusselt number is increased by 10%:

k*=5.95Re """ (50)

For lower levels of roughness (smaller k*), the surface can be viewed as smooth. No
data are yet available for different Prandtl numbers; however, Gabour and Lienhard

proposed on the basis of boundary layer arguments that the threshold can be esti-
mated for Prandtl numbers above unity as:

k*=12.1Reg™" pr~'* (51)

In applying these results, it must be remembered that: (1) roughness effects
usually vary with the geometry of the roughness, not only with its height; (2) the
Prandtl number will undoubtedly have an important influence, presumably making
higher Prandtl number jets more susceptible to roughness effects; (3) the wall
material can be expected to play a role in roughness effects, especially for lower
~wall conductivity and higher Nusselt numbers; and (4) the overall scaling of
stagnation-point wall roughness is different than for standard boundary layers and
pipe flows, owing to the nearly zero shear stress of the stagnation zone, and this
scaling is as yet unknown.

Some related data are given by Sullivan et al. [66], who examined the use of
heavily roughened spreader plates for jet-impingement cooling of electronics. The
total thermal resistance of the spreader plate and jet was measured, reflecting both the
conduction resistance of the spreader and the area-averaged heat transfer coefficient
along its surface. The roughness employed was an order of magnitude larger than that
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Figure 9 Wall roughness effects on stagnation-zone Nusselt numbgr for circular turbulent liquid jets at
Pr = 8-9 (data from [60]).

of Gabour and Lienhard. Sullivan et al. showed that rogghness could produce a
substantial decrease in overall thermal resistance (viz., an increased average- h)j and
that this effect increased with Reynolds number. The trends were qualitatively
similar to those described above.

4.7.3 Inclined Turbulent Jets. Measurements for circular mrbulgnt jefcs at nonnor{llal
angles of impact are given by Stevens and Webb [67]. Data for inclined pla;lai _]C’[E;
are given by McMurray et al. [68]. Each paper reports an-asymmetry of the loca
Nusselt number about the stagnation point, with a more rapid decrease of Nu, along
the upstream direction than the downstream direction.
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5 LOCAL HEAT TRANSFER DOWNSTREAM

The flow downstream of the stagnation zone is characterized by growing bound
?ayers and a decreasing heat transfer coefficient. For both planar and axisymmefgz
Jjets, t‘h.e boundary layers are laminar near the stagnation zone and undergo a turbulent
transition farther downstream. Transition produces a local increase in the hea;
transfer coefficient, again followed by a declining trend. If the incoming jet is
tu.rbulent, local & upstream of transition can be increased, especially in the aC(J:eler—
ating flow near the stagnation zone; and the location of turbulent transition is moved
gpstream. Far downstream, the impinging jet flow may be terminated by a hydraulic
Jump whose location depends on both upstream and downstream flow conditions
Beyopd these general features, however, planar and axisymmetric jets différ
substantially. A planar jet divides at the stagnation line, and the inviscid flow
dqwnstream has half the thickness of the incoming jet and moves at the jet’s velécit
(Figure 11). The boundary layers grow as they might under any variable speeg

w .
Figure11 Downstream development
of a planar impinging jet.
uf l
T
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Layer

Turbulent
Boundary
Layer

J Stognation
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freestream flow, and, if the jet Reynolds number is not too low, the boundary layers
can remain thin relative to the overlying liquid sheet.

Axisymmetric jets, in contrast, are spread thinner as they travel radially outward
(Figure 12). The flow perimeter increases as 27nr, and inviscid mass conservation
requires the liquid sheet thickness to decrease as A(r) = d*/8r. This rapid decrease
quickly brings the growing boundary layer into contact with the surface of the liquid
sheet, transforming the flow from a boundary layer into a high-momentum viscous
film with a radiaily increasing bulk temperature. Thus, analysis and correlation of
circular jet heat transfer becomes far more complicated than for planar jets. owing to
radial changes in the heat transfer mechanism. In addition, any incoming turbulence
in the axisymmetric jet can greatly disturb the free surface of the thin liquid sheet,
causing splattering of the liquid and a very rapid transition to a turbulent film flow.

In this section, downstream evolution is described for laminar and turbulent planar
jets and for laminar axisymmetric jets. The downstream heat transfer of turbulent
axisymmetric jets is addressed separately in Section 6, following an examination of
the phenomenon of splatiering. Hydraulic jump processes are discussed briefly at the
end of the present section.

5.1 Planar Jets

Theoretical results are available for uniform velocity profile planar jets. Only a little
experimental data are available for laminar planar jets; most other data apply to
planar jets with some level of turbulence present.

(N

[
- —
17
fm
\ Boundary Layer Viscous Similarity \ Fully Turbulent
Stagnation Zone — Developing Turbulence

Figure 12 Downstream development of an axisymmetric impinging jet.
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5.1.1 Laminar Planar Jet Results. The
Eqgs. 15 to 17, but the inviscid flow now

increasing x. Vader et al. [57] showed that
mated as

planar boundary layers are described by
tends_ toward a constant speed, us, With
the inviscid velocity could be approxi-

u{’(x):ﬁ(_x,) O<

—Tf alw) <x/w<l (52)
u,(x) x

—£— " —tanh!| = 5 S )
¥, an (WJ, x/w>1 (53)

with a maximum error of 5% occurring near x/w = 1. Alternatively

menti.oned exact solution [29] can be used. With u,(x), the laminar
equations can be integrated directly. o

Garg and Jayanta [49] solved the bound.

the previously
boundary layer

_ ary layer equations numerically, using the
relif::; freestream 've.locny. They gave graphical results for Iocal and mean Nuise]t
I er over a Impted range of parameters for isothermal targets.

N ]naa]a et al. [31] instead approximated the flow with the Falkner-
got;,ugz nsva}x;; ;),f tf;; Pressure gradient, which was calculated from the exact freestream
S . Obtained expressions for the local Nusselt ber t

evaluated using their graph of a | i et The o

: ocal pressure-gradient paramet i
solutions are somewhat cumberso g ey st g
: : me to reproduce here, but they showed

agreement with experimental data for a Jet striking a uniform heat }flux target f(()): :

Reynolds number of 940 in the I
ange x/w < 2.5. As th
at large x/w, their equation limits to: e frestreat speed tends o N

Skan solutions at

(54)

Nu,, =0.4610Re"/2 py0# (K)m
X

withi S . .
l(] " lila};lfe; :I)lot/ofior x/iw > 2.0). If written in terms of Nu,, this equation is seen to be the
T a constant heat flux, flat plate boundary ]
: : , ayer. Inad i
expressions for uniform wall temperature targets e e o give
Ina N 0 . . ’
da et al. found that variations 1n nozzle-to-target separation had a significant

e“eCt on Nu mn t]le sta, natio one w 1 the no Z le was Wlthln about 0.5 w ()f the
w g 1l ZOn lle h Z
talget, but had ]lttle thect !()1 grea[el Separatl

predicted by Scholtz and Trass [28] for the st

: : agnation zone.
nozzle spacing had little effect on the local Nuss 8 ne. For x/'w > 1.5 or so,

elt number for any nozzle separation.

5.1.
hela tZt'rl‘al:lrlfmlent Planar Jet Results. Turbulence is present in most planar jets, and
ster rates downstream are generally higher than the laminar analysis,pr&
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dicts. Experiments using nozzles with low levels of turbulence have been performed
by McMurray et al. [68], Zumbrunnen et al. [30], and Vader et al. [57].

The correlation of Vader et al. (for the slightly turbulent nozzle of nearly uniform
profile described in Section 4.6) is typical of the results of those studies:

Nu, =0.89 Re%* pr®* (55)

This equation uses a Reynolds number, Re, = u(x) - x/v, based on the local
freestream velocity from Egs. 52, 53. It applies to uniform heat flux surfaces for
100 < Re, <Re, ., where Re, ., is the turbulent transition Reynolds number. Physical
properties are evaluated at (7, + 7)/2, and the data on which the correlation is
based were obtained using water jets. This result is on the order of 60 to 70% above
the prediction of laminar theory. McMurray et al. obtained a correlation that is very
close to this one.

For Re, <100, Vader et al. recommend that a stagnation-zone correlation be used.
Note that this range of Re, corresponds to

* . Y Re 2 (56)

The values of x/w obtained from Eq. 56 lie in the portion of the stagnation zone for
which some decrease in A with x occyrs. On the other hand, the stagnation-zone
Nusselt number correlations are themselves accurate to about 10% for x/w < 1.

The heat transfer coefficient begins to increase with x when turbulent transition
starts, reaching a maximum when transition is complete. Thereafter, the heat transfer
coefficient again declines with increasing x. Turbulent transition thus produces a
local peak in the heat transfer coefficient, and data for planar jets show that this peak
can be similar in amplitude and breadth to that of the stagnation zone. Turbulent
transition for the planar jet was reported by Vader et al. to begin at Re, . = 3.6 x 10°
(in nonboiling flow), and McMurray et al. obtained the same value. The transition
Reynolds number will, of course, vary with the level of disturbances present in any
particular jet impingement system.

In the turbulent region, McMurray et al. recommend the following correlation:

Nu, =0.037Re?* Pr'"? 7

This equation is supported by data for 6 x 10° < Re, < 2.5 x 10°.

Fully developed turbulent planar jets were used in a study by Wolf et al. [35]. As
previously described (Section 4.6), the velocity profile for these jets is more nonuni-
form and more turbulent than for the jets of Vader et al. and of McMurray et al., and
substantially higher stagnation-zone heat transfer coefficients were obtained. Turbu-
lent boundary layer transition occurred farther upstream than for the weakly turbulent
uniform profile jets, and the heat transfer was considerably greater at all positions on
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the wall. For x/w upstream of turbulent transition, Wolf et al. correlated their local
heat transfer coefficient data for water jets as

Nu, =Re’"" Pr® f(x/w) (58)
where

O.116+(x/ w)’ [0.00404(x / )’ ~0.00187(x / w)—0.0199],  O<x/w<l.6

Sow)y=
0.111-0.0200(x / w) +0.00193(x / w)’, 1L6<x/w<6 (59)

The correlation applies to 1.7 x 104 < Re, < 7.9 x 10*and is accurate to 9.6% at a
95% confidence level.

5.2 Laminar Axisymmetric Jets

5.2.1 Flow Field. A laminar axisymmetric jet creates a radial film that evolves as
shown in Figure 12. The thickness of the liquid sheet initially decreases with radius
(as 1/r), but, because viscous drag slows the liquid sheet, its thickness begins to
increase at larger radii. The flow field may be divided into successive regions:

1. The stagnation zone.

2. The laminar boundary layer region, in which the viscous boundary layer thick-
ness, &, is less than the thickness of the liquid sheet, A(r), and the test of the liquid
sheet moves at the incoming jet’s speed, uy. The flow is now nearly parallel to the
wall.

3. The viscous similarity region, in which viscous effects extend through the entire

liquid film [§ = A(r)). In this region, the surface speed, u,, decreases with
increasing radius.

4. The region of developing turbulence.

5. The region of fully turbulent flow. This region may relaminarize farther down-
stream, as the film speed decreases.

Theoretical solutions for the boundary layer and viscous similarity region were
first obtained by Watson [69]. Watson’s analysis of the boundary layer region led to
a Blasius type similarity solution for 6 < h(r). In the region where &= h(r), Watson
obtained an elegant similarity solution that encompasses the entire thickness of the
liquid sheet. Watson also obtained solutions for a turbulent film flow and for the
hydraulic jump; however, these solutions are somewhat unsatisfactory, as discussed
by Liu et al. [44] and by Liu and Lienhard [70].

Watson’s laminar results were experimentally substantiated by Azuma and Hoshino
[71-75] using laser-doppler measurements. (An earlier, and negative, experimental
test by Olsson and Turkdogan [76] was probably too crude to be reliable.) Azuma and
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Hoshino used an annular orifice mounted onto the plate, rather than an gctlx}:lal
impinging jet. Their velocity profiles showed good agreement to lezitsbon sz:i nez
laminar regions of the flow, although somewhat better agreement cou . ebo )

using a quartic polynomial approximation to the veio’cuy. pfoﬁ'le 1{1 ; e 01;;1“ }a]g
layer region; the measurements converged to Watson s suml'anty S0 utlo;;x nher
downstream. Sharan [77] independently obtained approximate 1qtegrai—m§t of S0 ;11
tions for both regions, and Wang et al. [78] developed a series solution for the

boundary layer region. . ‘
The various analytical studies are in relatively good agreement with one another,

in spite of minor differences in the approximations they employ. To reasona'bie
accuracy, the integral-method results can be used [44,77,79], as we now Nsuzrrgr;a;lz;

The region of boundary layer behavior, with umgr) = u,, begins at r = 2.23 d.
this region, the boundary layer thickness is approximately

1/2
&:2.679(—@} (60)

ey

and the velocity profile is approximately:
e y)’“m(')[z 5 2.5

The viscous boundary layer reaches the surface of the liquid sheet at a radius r,
given by:

r,=0.1773Re}d (62)
Beyond r, the free surface speed decreases as:

_1ud (63)
“ )= 5w

where the liquid sheet thickness is

d*), 5.147( ) 64
h(r)=0.1713(—;~)+ Re. (dJ (64)

For r > r,, the velocity profile may be obtained from the polynomial approximation
(Bg. 61) with u,, from Eq. 63 and &= h(r) from Eq. 64.
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The radius of onset of turbulence, 1, was correlated by Azuma and Hoshino [72] as

L
4 =730Re, " (65)

and by Liu et al. [44] as

n

n_ -0.422
4 =1200Re, (66)

'.ﬂcx;j:s?dresults are comgared in Figure 13; the difference probably results from the
ndividual characteristics of the experimental systems. Liu et al. inferred from heat

transfer data the radius at whi
. 1us at which turbulence became fully developed, and correlated

"

7 =28600Re, 0% (67)

In the fully turbulent region, Azuma and H

velocity distribution worked well. The skin fri
mated as [44]

o§hjno [74] found that a 1/7th power
ction coefficient there can be approxi-

1/4
C; =o.073( 4 )

dRe, (68)
and the film thickness may be estimated as
© present data Figure 13 Location of turbulent tran-
O\O sition for axisymmetric impinging jets
ol \%({ —— present correlation (data from 44D
XC ~= Azuma & Hoshino's
Q correlation

0.7k

I

05 F

0.3 F

2x104 5x104 1x105 2x105  3x109

o
5 Reg

LIQUID JET IMPINGEMENT 237

5/4 .
M) 0 )" o2 (69)
d Re, d r
with
r\ 002001(7 )"
C=01713+ 2247 L0 1,491(*’ (70)
Re, | d Re, \d

5.2.2 Heat Transfer. Existing analytical solutions for heat transfer assume negli-
gible heat transfer from the liquid surface; in particular, evaporation is neglected.
This situation should prevail for a surface temperature, 7, that remains relatively
low. If evaporation from the free surface becomes important, the theoretical expres-
sions for the Nusselt number will underpredict.

Heat transfer in the downstream region has been modelled by Chaudhury [80],
Nakaryakov et al. [45], Liu and Lienhard [79], Wang et al. [78], and Liu et al. [44].
Chaudhury used Watson’s laminar velocity profiles to obtain similarity solutions for
the liquid temperature field along a uniform temperature wall. Wang et al. developed
solutions in the boundary layer region (r < r,) that apply to arbitrary distributions of
wall temperature and heat flux. Nakaryakov et al. [45] provide theoretical and
experimental mass transfer results that are analogous to uniform wall temperature
and very high Prandtl number. Their theory is based on a linear approximation to the
velocity profile in the concentration boundary layer, which should be valid for the
laminar regions of the flow when Pr >> 1.

Most experimental data for downstream heat transfer are for uniform wall heat
flux, and this case has been modelled by Liu and Lienhard [79] and by Liu et al. [44]
for both the laminar and turbulent regions of the flow. Liu and Lienhard separated
the laminar flow into several thermal regions for Pr > 1:

Region 1. The stagnation zone.

Region 2. & < k region: Neither the thermal nor viscous boundary layers reach the
free surface; surface temperature and velocity, T and u,,, are equal to the
inlet temperature and velocity, 7,and u,.

Region 3. &< hand 6, < hregion: The viscous boundary layer has reached the free
surface. The velocity outside the viscous boundary layer decreases with
radius, but the surface temperature remains at the inlet temperature, 7.

Region 4. §<h, 6,=h, and T, < T,,, region: In this region, the thermal boundary
layer has reached the surface of the liquid sheet, and the temperature of
the liquid surface increases with radius.

In the laminar regions, Liu and Lienhard applied the integral energy equation

61
ij' (T -1, )dy = Ly (7
dr do ’ pe,
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where T'= T(r, y) is the liquid temperature profile. In the region before the thermal
bou?dary layer reaches the free surface (region 2), they approximated the velocity
profile as Eq. 61 and the temperature profile as

3
G A e £ B

for 7, the wall temperature, which increases with radius. While r < r,, the integral

) L CO ff 1ent i th ar ) y pp -
S( )hltl()ll 1 ¥ t]leOI()Cal heat ]allsi er erficient in the b()ul ld la €r Iegl()n 15 approxi

Nu, =0.632Rel? pr3(4) " ~
4 =Y. d T (73)

which fhows the local heat transfer coefficient to decrease as 1/+/r.
Region 2 ends and region 3 begins where the viscous boundary layer reaches the
film surface at r,. In region 3, the integral solution is

Nu,= 0.407Re}” Pr'’*(a/r)?"
[0.1713(a/r) 2 +(5.147r/Re, ) [ L (/P 4. | (74)
. 147r/Re, d)| S0y +c,
where?
Coe _ 0267(d/ry)"? 1 (ijz
[0.1713(ar,) *+(5.1475 /Re, d)[ Rel?  2\d (75)

F.legfon 3 ends and region 4 begins where the thermal boundary layer reaches the
hqud surface at r = r;; equations defining r; are given by Liu and Lienhard [79]. In
region 4:
Nu,= : 0.25
2 2
= [1- (5/r) [(r1a)+0.130[m(r) ] +0.0371[h(1;) ]

(76)

where h(r) is given by Eq. (64) above.

1 1 3 .
Equation (75) is corrected for a typographical error which appeared in the J. Hear Transfer, Vol. 133, pp. 571-582

1991 [44].
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Region 4 will occur only for Pr less than a critical value near five;” otherwise, the
thermal boundary layer does not grow fast enough to reach the surface of the liquid
film, which thickens with increasing radius owing to viscous retardation. Liu et al.
found that the predictions for regions 3 and 4 are within a few percent of each other,
and they suggest that the prediction of region 3 be used for any Pr above unity.
Regions 3 and 4 correspond to Watson’s self-similar viscous flow regime.

Liu et al. estimated the fully turbulent heat transfer using the thermal law of the wall:
q, B & /2
pcpum(T - Tsf) 1.07+127(Pr*" - 1), [C, /2

w

St=

:f(cfv Pr) 77

From this, using Eqs. 68, 69, the Nusselt number may be obtained:

L ad _ 8Re, Pr f(C,.Pr) e
KT, ~T,) 49(h/d)+28(r/ d)’ f(C,.Pr) @ (78)

When Pr is well above unity, the equatioh may be simplified

374
Nu, =0.0052 Rei,"‘(f){i) f,ﬂ : (79
h\r 1.07+12.7(Pr*" - 1)V/cf/2

The theory for Prandtl numbers above unity is summarized in Table 5. Compari-
son of these equations to experimental data for a uniform profile laminar jet [44] is
shown in Figure 14, and agreement is seen to be very good. Liu et al. also give
integral solutions for Pr < 1.

*  Liu and Lienbard [79] gave this value as 4.86. If the higher-order terms in the integral analysis are retained, the value

becomes 5.23.
600 i i i T
[ Reg=8.55x10" Figure 14 Comparison of laminar theory to
o o Pr=11.5 (inlet) data [44].
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Table 5 Suggested Formulae for Local Nusselt Number of Laminar Jets with Pr > 0 (1)
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5.2.3 Comments on the Accuracy of Laminar Axisymmetric Jet Theory. Al-

* though Liu et al. [44] found good agreement with the theoretical results, several

cautions should be offered. First, their experiments made considerable efforts, to
produce laminar jets and to keep the liquid cool enough to minimize evaporation or
heat loss from the liquid surface. In practical situations, turbulence is likely to be
present in the jet, and this will tend to raise the local Nusselt number downstream.
If the liquid temperature rises too much over the radii of interest, evaporation may
also occur, again increasing the Nusselt number.

Second, the theoretical solutions should be evaluated using liquid properties at the
local liquid temperature (averaged across the liquid thickness). In particular, the
liquid viscosity varies strongly with temperature for most liquids and may decrease
significantly with radius. To use these results in calculating Nu, and 7,(r) 2 numeri-
cal integration in the radial direction is most expedient [79].

As an indication of the accuracy of these solutions when applied to nonideal
situations, Womac et al. [81] compared area-average Nusselt numbers from the
above results to measurements made beneath weakly turbulent jets. They found that
the theory was low by 20% on average; however, the theory underpredicted by up to
80% for their largest and more turbulent nozzle.

Theory and data for turbulent circular jets are given Section 6.

5.3 Hydraulic Jumps

Jet impingement cooling systems sometimes operate with a hydraulic jump down-
stream of the region of impingement (Figure 1). The slow-moving liquid in the
subcritical region presents degraded heat transfer characteristics [17], which make
control of the jump location important in thermal design.

The open-channel hydraulic jump of undergraduate textbooks is usually mani-
fested as a roiling turbulent free surface connecting the supercritical and subcritical
regions of the flow. For planar flows of sufficient upstream depth, application of a
one-dimensional momentum balance describes the relationship between upstream
and downstream depth and velocity with an accuracy of about 1% over conditions
ranging from laboratory flumes to hydroelectric power plants [82]:

s V(o=
; :E<\ [ +8Fr _1) (80)
where s is the depth downstream of the jump (subcritical flow) and Fr, = u, / ﬁﬁ

is the supercritical Froude number based on upstream film thickness & and vertically
averaged upstream speed, u,. In such situations, the jump problem is both classical
and well understood.

In contrast, Figure 1 shows a liquid surface that is fairly smooth, with a sharply
defined and relatively steady hydraulic jump. In addition, the upstream (supercritical)
liquid film is very thin, with a minimum thickness of about 100 um for the 5-mm-
diameter jet shown. Apart from these obvious differences in flow field, the
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axisymmetric jump differs from the usual open-channel jump by the range of
supercritical Froude numbers arising. For circular impinging jets, the upstream
Froude number can be as much as several hundred, while typical open-channel flows
have supercritical Froude numbers of no more than 20 or 30. Each of these factors
contributes to unexpected deviations from the standard theory of the hydraulic jump.

Direct adaptation of the momentum-balance theory to axisymmetric impinging jet
Jjumps was first made by Watson [69], and several subsequent investigators modified
his theory slightly; the basic result is generally a prediction of the radial position of
the jump. Watson’s model consists primarily of calculating the radial variation of the
supercritical Froude number, Fr,, that results from the radial spreading and viscous
drag on the thin upstream film.

Experimental tests of these models, however, have not been entirely satifactory.
Watson himself presented data showing both good agreement and relatively poor
agreement, and subsequent comparisons have been numerous: Olsson and Turkdogan
[76], Ishigai et al. [17], Nakoryakov et al. [45], Bouhadef [83], Craik et al. [84],
Errico [85], and Vasista [86] have each tested Watson’s model. These studies did not
systematically vary dimensionless groups, and most do not clearly distingunish an
upstream Froude number. However, to focus on the trends of disagreement, the
studies collectively show that Watson’s model is less accurate when the downstream
flow is too deep or when the upstream Froude number is too high.

One cause of the deviations is the velocity profile behind the jump. The experi-
mental studies have shown that the fiow just behind the jump can separate, creating
a recirculating eddy attached to the wall. This separation is a result of the abrupt
increase in hydrostatic pressure at the Jjump, an effect that is clearly worsened when
the downstream flow is deeper. The complex flow field behind the jump has a serious
effect on any one-dimensional momentum-conservation model.

A second complication is that the shape of the jump surface has been observed
to have several forms, variously being smooth, being curved, showing standing or
radiating waves, and showing outright instability. The parameters reported to be
responsible for these changes include increasing downstream depth [84], increas-
ing volume flow [85, 87], and increasing upstream Froude number [17]. Typically,
the changes reported are described as some form of instability in the smooth free
surface of Figure 1. These variations in the jump surface have a controlling
influence on the velocity profile beyond the Jjump and affect the breakdown of the
jump radius predictions.

Liu and Lienhard [70] examined these trends in detail. They concluded that the
stability of the jump’s free surface is primarily dependent on the liquid surface
tension, which can play a significant role only when the subcritical fluid layer is
relatively thin. The thinness of the downstream flow is a condition that has seldom
been met in planar jump experiments, but which is a regular feature of axisymmetric
hydraulic jumps. In addition, their data show that the large supercritical Froude
number (or equivalently the large ratio of downstream to upstream depth) is the other
key factor in the failure of standard Jjump theory as applied to the circular jump. Both
observations show that the thinness of the upstream and downstream films, rather
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than axisymmetry per se, is responsible for the failure of one-dimens‘ional thegr;es
of the jump. This conclusion was corraborated by an experiment on a_thm planar film.

Liu and Lienhard characterized the balance between the hydrostatic pressure force
behind the jump and the surface tension force along the surface of the jump using a

jump Weber number:

We=s, |—= (81)

where s is the downstream [subcritical] depth of the ‘quuid film and ois the sprface
tension. By comparing We to observations of the jump’s surface shape, Lllu and
Lienhard found that the shape was indeed influenced by the Weber' t}umber, Wllth the
most stable interfaces occurring for We below about 2 and instability occurring for
to 6. . ‘
WeAags;;epSredicﬁon of the circular jump radius will depend on six ‘dlmensxoples?
groups. If the initial conditions are set at the jet nozzle, an appropriate functiona

equation is

%:F{Red,Frd,We,E,jj (82)

Here, the dimensionless jump radius, r;/d, is a function .of: the jet Reynoifis and
Froude numbers, Re, = ud/v and Fr, = u /./gd, which Fogether describe the
radial evolution of the local supercritical Froude number; the jump Weber number,
which controls the jump shape; and the dimensionless downstream depth, s/d, a.nd the
dimensionless radius, r /d, at which that depth occurs. No complete theory is cur-
rently available for predicting r;, although a substantial amount of data for r; can be
i aper by Liu and Lienhard. .
foulr\llclllrlr::xt'ihc:ll:’rn%de1sy for the related problem of hydraulic jumps in a thick radial film
have been given by Faghri and co-workers [88-90].

5.3.1 Suppressing Hydraulic Jumps. A thermal degigner is probab.]y most mteri
ested in preventing a hydraulic jump and its associated decrease in h. Severa
can be made. o
conlgi‘l:tr,nfhe jump results from poor downstream drai.m.ige of the hgmd or .frOFn
downstream obstruction of the liquid sheet. It can be inhibited b.y ensuring that yquxd
flows easily off of the target surface. At low speeds or sma11 jet dlame?ters, a jump
can occur on a flat surface that appears to have no obstmcthn to. drainage df)wn—
stream, simply as a result of the wall drag on the liquid layer; in this case, the jump
can be removed by reducing the target radius. . . .

Second, the jump can always be moved downstream by increasing the jet’s
velocity, Reynolds number, or Froude number.
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Third, hydraulic jumps represent a conversion of liquid momentum to hydrostatic
pressure thrust that can only occur when the Jetimpacts vertically downward onto the
target; a very different, dripping phenomenon occurs when the jet impacts verticall
upward onto a target [79]. g

Lastly, it should be mentioned that boiling within the supercritical film may act
as a flow obstruction that promotes a hydraulic jump.

6 TURBULENT AND SPLATTERING AXISYMMETRIC JETS

Thj§ se.ction describes heat transfer by axisymmetric, turbulent jets and the processes
of liquid splattering that may occur during turbulent jet impingement. This sectiorkl
fieals with only processes downstream of the stagnation zone, which was addressed
in detail in Sections 4.4 to0 4.7.

Turl?ulence in an axisymmetric jet is carried into the radially spreading liquid film
where it has two primary effects. First, the turbulence tends to increase convective,
heat transfer in the boundary layer downstream of the stagnation zone and tends to
prf)mo.te .turbulent transition of the thin liquid sheet. The turbulent sheet has greater
skin friction than a laminar sheet: Measurements of nonsplattering turbulent jets [13]
show that the liquid surface speed begins to drop at r = 2.5 d, sooner than predictéd
by laminar flow theory. '

The second effect of jet turbulence is to disturb the surface of the incoming jet
"Thcse disturbances are carried into the thinning liquid sheet, where the radial spread-'
ing can produce a strong increase in their amplitude. If the initial disturbances are
l?rgf:, enough, the amplified disturbances can cause droplets to break free ffom the
liquid sheet, resulting in splattering (Figure 15).

Splattering is more important when the Jets are longer and have a higher Weber
number, b'ecause the disturbances reaching the sheet are then larger. Strong splattering
can result in atomization of 30 to 70% of the incoming liquid, and because the airborne
droplets no longer contribute to cooling the wall, heat transfer far downstream is de-
graded. On the other hand, splattering has no independent influence on heat transfer in

Figure 15  Splattering turbulent jet show-
ing radially travelling waves: Re, = 28000,
£ =011, @ = 4550, fully developed tube
nozzle.
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the stagnation region, because the droplets break away several diameters downstream of
it. Stagnation-zone heat transfer can be predicted using the results given in Section 4.5.
Splattering occurs in isothermal situations, as well as those with heat transfer, and its
ramifications extend beyond thermal problems. In cleanroom situations, where impinging
jets may be used for post-etching debris removal, splattered liquid can produce airborne
contaminants. In metal-jet spray-forming operations, splattering is a primary cause of
reduced vield. In situations involving toxic chemicals, splattered droplets can create a
hazardous aerosol whose containment necessitates potentially costly air filtration.

6.1 Splattering

6.1.1 The Mechanics of Splattering. Initial studies of splattering by Errico [85]
and by Lienhard et al. [91] demonstrated that it is driven by the disturbances on the
surface of the impinging jet. Thus, undisturbed laminar jets do not splatter, unless
they are long enough to have significant capillary instability. Turbulent jets, on the
other hand, develop surface roughness as a result of liquid-side turbulent pressure
fluctuations, and they are highly susceptible to splattering.

Errico [85] induced splattering for laminar jets by creating surface disturbances
with a fluctuating electric field. His results showed that splattering commenced at
progressively lower jet velocities when the amplitude of disturbance was increased

and that splattering occurred as the disturbances from the jet spread radially on the

liquid film. When a turbulent jet strikes a target, similar travelling waves originate
near the impingement point and travel outward on the film (see Figure 15). When the
jet disturbances are sufficiently large, these waves sharpen and break into droplets.
All observations indicate that the amplitude of the disturbances on the jet governs
splattering. They further indicate that splattering is a non-linear instability phenom-
enon, because the liquid film is clearly stable to small disturbances but unstable to
large ones [92].

Varela [93] developed an analytical model of finite-amplitude disturbance evolu-
tion on an inviscid axisymmetric liquid sheet. (The inviscid approximation is justi-
fied in the region before the boundary reaches the liquid surface.) Varela applied a
multiple-scale analysis to the water-wave equations, obtaining a variable coefficient
Korteweg-deVries equation that describes the modulation of radially travelling dis-
turbances which originate on the incoming jet. Numerical integration of these equa-
tions by Dr. Peter Schmid showed that the initial disturbances evolve into a train of
sharp solitary waves (Figure 17). Moreover, the sharpening of the waves depends on
their initial amplitade, and those of sufficiently large amplitude exhibit behavior
suggestive of wavebreaking.

Once droplets break away from the liquid sheet, they remain airborne. Lienhard
et al. [91] made phase-doppler measurements of the size and speed of the departing
droplets and found that the droplets travel at a low angle with nearly the speed of the
incoming jet; thus, they do not fall back into the liguid film at an appreciable rate.
Their measurements, and stroboscopic observations by Errico [85], show that drop-



246 ANNUAL REVIEW OF HEAT TRANSFER, VOL. 6

Figure 16 Schematic drawing of the splatter-
ing process.
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lets leave the liquid sheet within a fairly narrow radial band, beyond which no further
splattering occurs. The radius of departure was estimated to be r/d = 4.5.

6.1.2 The Fraction of Liquid Splattered. Measurements of the splattered liquid
flow rate for fully turbulent turbulent jets were first reported by Lienhard et al. [91]

in the form of the ratio of splattered flow rate, O, to the incoming flow rate, O
(Figure 16):

_Q
}’:"3 (83)

tI‘hiS quantity i§ easily measured by capturing the unsplattered liquid and determining
its flow rate. Lienhard et al. also proposed a model for splattering that related the rms

Figure 17 Time evolution of a solitary wave travelling along an inviscid axisymmetric sheet [92,93].
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amplitude of jet surface disturbances to the rate of splattering, as £ should be greater
for larger disturbance amplitudes. In this model, turbulent pressure fluctuations in the
jet cause the initial surface disturbances on the jet, which are then assumed to evolve
by Rayleigh’s capillary instability [94] as the jet travels to the target.* The model’s
prediction of the rms amplitude of disturbances reaching the target scales with a
parameter, @:

) 0.971 1 } \
w=We, exp| ——— | (84)
\/We a’)
N a
Here,
We,=putd/c (85)

is the jet Weber number, and / is the nozzle-to-target separation.
Lienhard et al. observed good correlation of & with . Their result was refined by
Bhunia and Lienhard [95], who gave the following curve-fit (Figure 18):

E=-0.258+7.85x10"w-2.51x10"* (86)

This result applies for 4400 < @ < 10,000. The lower limit on @ is chosen to ensure
that the predicted & is at least 4%; below this level there is considerable scatter and
high uncertainty in the measurements. The @ scaling parameter is valid for 10° < We,
< 5% 10° and I/d < 50.

For larger l/d or We, the @ model fails. Instead, //d and We, must be treated as
independent variables. In Figure 19, the amount of splattering, £, is shown as a
function of nozzle-to-target separation, I/d, for several nozzle diameters and Reynolds
numbers [95]. Each solid line represents data for a narrow range of Weber numbers,
varying by less than 3% around the stated mean value, a range equal to the
experimental uncertainty of We, As the figure shows, for constant We,, Eis a
function of l/d; different curves are obtained for different Weber numbers, with
splattering increasing as the Weber number increases.

To study the effect of surface tension directly, a solution of approximately 10% by
volume of isopropanol in water was used, having ¢ = 0.042 N/m (vs. 0.072 N/m for
pure water). These data show good agreement with data for water when scaled with the
Weber number (Figure 20). Splattering increases as surface tension decreases.

At any given Weber number and nozzle-target separation, the splatter fraction, &,
depends extremely weakly on the Reynolds number, if at all. For example, in the data

*  This particular assumption is open to question, as the spectral data presented below will show. In particular, the
turbulent pressure fluctuations driving instability cover a broad range of short wavelengths (4 < d), the most energetic
of which should be stable according to Rayleigh’s results. '
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Figure 18 Omega scaling of the splattered fraction [95].

set for We, = 5500, the Reynolds number increases by a factor of 1.5 without any
discernible change in the splatter fraction, £. In contrast, a factor of 1.3 increase in
the Weber number (from 5500 to 7300) produces significant increase in the splatter
fraction (roughly +25%).

An influence of Reynolds number would be expected to arise primarily from
viscous effects near solid boundaries, either in setting the pipe turbulence intensity
or as an influence of the viscous boundary layer along the target. The stagnation-
point boundary layer is extremely thin relative to the liquid layer, and thus it may
have little effect on the surface waves near the region of impingement. The pipe-
turbulence variation maybe quantified by observing that the ratio of rms turbulent
speed to friction velocity, u'/u,, is nearly independent of Reynolds number in fully
developed turbulent pipe-flows [95]. Therefore, after using the definition,
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< Re, < 10°), one finds

U, = U \/ﬁg and the Blasius friction factor equation (f = .316 Re,; 4 for 4000
* f 3

voou,
— OO

IA} i Lé. P

oc ,\/27 oc Re;l/g

This weak dependence of the turbulence intensity on‘th‘e Reynolds number may
explain the lack of any significant dependence of splattering on Re,.

6.1.3 The Relation of Splattering to Jet Surface Disturbances. ‘Refe.mng tﬁ
P‘i gures 19 and 20, we see that very little splattering occurs close to the jet exit (sma
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- Figure 19 Splattering as a function I/d and We, [95].
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Figure 20 Splattering as a function /d and We, for liquids of different surface tension [95].

l/d), typically less than 5%. Beyond this region, the amount of splattering at first
increases with distance, //d. Farther downstream, it reaches a plateau. To explain
these observations we may refer to direct measurements of the amplitude of turbulent
liquid jet surface disturbances.

Bhunia and Lienhard [96] used a laser-sheet and high frequency-response photo-
diode to measure the instantaneous diameter of turbulent liquid jets. They obtained
the rms amplitude of jet surface disturbances, O,y,s» at different axial locations along
Jets of various Weber numbers (Figure 21ab). Starting from nearly zero near the
nozzie exit, 6,,, initially grows rapidly as the jet moves downstream,; farther down-
stream the growth rate diminishes and the rms disturbance tends to an asymptotic
limit. The dependence of §,,/d on jet Weber number is also apparent.

This growth of disturbances is the probable cause of the increase in the splatter
fraction as the nozzle-to-target separation is increased. The steadily decreasing rate
of amplitude growth results in a plateau of the disturbance amplitude that corre-
sponds to the plateau in the splatter fraction data.

Direct comparison of the measurements of 0, to data for £ and shows a reason-
able correlation between the size of §,,,, and the fraction of liquid splattered (Figure
22). This graph was obtained by plotting previously measured splatter fraction &
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Figure 21  Root-mean-square surface roughness data: (a) several runs at fixed Weber number, showing
variability of data; (b) comparison of roughnesses at two different Weber numbers [96].
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values against 6, /d for jets of the same Weber number and /d = x/d [96]. Each set
of data for a given nozzle diameter and jet Weber number consists of measurements
at several different axial locations, x/d. The correlation is reasonably clear, given that
both & and §,,, have significant variability, and it provides further evidence that
splattering is due to surface disturbances on the Jets and is governed by the ampli-
tudes of those disturbances.

. For very long, low Weber number jets the plateau of splattering ends, and £ again
increases with I/d (Figure 20). This may reflect the appearance of ordinary capillary
instability on these jets. Specifically, when the Weber number is low, the asymptotic
turbulence-generated surface roughness is small compared with the jet radius. Thus,
‘the still nearly cylindrical jet can give up surface energy by the usual Rayleigh-type
instability. In contrast, at higher Weber numbers, the turbulent disturbances grow to
be as large as the jet radius, effectively breaking up the jet.
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Figure 22 Splatter fraction as a function of rms surface roughness {961
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6.1.4 The Onset of Splattering. Some problems arise in defining the onset point of
splattering. Because the process of splattering involves turbulent flow, sporadic splat-
tering of droplets occurs at much lower jet velocities than those that would cause any
significant amount of sustained splattering (other parameters remaining the same).
Consequently, the onset point is more accurately definable in terms of a non-zero level
of splattering. Bhunia and Lienhard [95] defined the onset of splatiering as the point
where 5% of the incoming fluid is splattered. Because the amount of splattering at a
fixed I/d depends strongly on the jet Weber number and not on the Reynolds number,
the onset point is uniquely identifiable by its //d and We, In other words, for a jet of
a given Weber number, the onset point is reached at a certain //d.

Figure 23 shows the data for onset points. A correlation for the onset point data is

i, 130 .
d 1+5x107 We} &7

This correlation supercedes the result of Lienhard et al. {91], who reported @ 2 2120
for the appearance of any splattering; within the range of validity of @ scaling, 5%
splattering corresponds to @ between 4100 and 5100.

For low Weber numbers, near 100, turbulent disturbances are strongly damped by
surface tension, and the observed onset lengths are actually rather close to the
capillary breakup lengths. In this range, splattering is essentially of drop impinge-
ment type.

In this connection, it should be noted that the relative importance of turbulence
and surface tension is characterized by a balance of rms turbulent dynamic pressure
and capillary pressure. Thus, the appropriate Weber number for characterizing the
splattering mechanism is based on the rms fluctuating component of the velocity, ¥,
and the rms height of the surface disturbances, &,

- turbulent dynamic pressure _ pu? _pu'’é,, (88)

capillary pressure - old_, o

We should be (X1) or greater when turbulence drives splattering. However, «” and
8., are not easily available, while u, and d are, so we have used

We

2
pu;d A 5 u’
= =We /| ™| — 1 89
= e/ ; >> (89)

which is 100 to 1000 times larger than the Weber number, We, that actually
characterizes physical processes involved here (u'/u,is a few percent in magnitude
and 6,,,/d < 0.5).
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Figure 23 Onset of splattering [95].

6.1.5 The Influence of Surfactants on Splattering. Surfactants lower surface
tension by forming a surface-adsorbed monolayer at the liquid surface. When a new
liquid surface is formed, some time is required for surfactant molecules to diffuse to
the surface in sufficient concentration to alter the surface tension. To study the role
of surfactants in splattering, Bhunia and Lienhard [95] used a mixture of approxi-
mately 0.2% detergent in water. This reduced the surface tension of the static solution
(liquid surface at rest) to 0.027 N/m and corresponded to a saturated concentration
of surfactant. They found that the presence of the surfactant did not alter the amount
of splattering. The splatter fraction for the surfactant-laden jet is identical to that for
a pure-water jet of the same velocity, diameter, and length; in fact, if the surfactant-
Jjet Weber number is calculated on the basis of pure-water surface tension, the curves
for the surfactant jets are identical to those of the pure jets. From the standpoint of
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splattering, the surface tension of the surfactant jet is effectively the surface tension
of the pure liquid.

To further explore this behavior, Bhunia and Lienhard [96] measured the surface-
roughness evolution of jets containing surfactant. They found that the surface rough-
ness of a surfactant-laden jet evolved at the same rate as for a pure-water jet of the
same size and speed. In other words, surfactants do not decrease the stability of the
turbulent jet surface under conditions like these.

A possible cause of this behavior is the finite time required to establish a saturated
concentration of surfactant on the jet surface. Inside the nozzle, the surfactant is in the
bulk of the liquid. When the liquid exits the nozzle, a new free surface is formed that
is not initially saturated with surfactant. During the time needed for the surfactant to
diffuse from the bulk to the free surface, the surface remains unsaturated, and in this
initial length of the jet, the surface tension remains near that of pure water. Turbulent
free-surface renewal may also tend to limit the surface concentration of surfactant, if
the surface layer of surfactant is continuously being reentrained into the bulk liquid.

6.1.6 Power Spectra of Surface Disturbances. Figure 24 shows wavenumber
spectra of jet-surface disturbances at several different axial locations. The ordinate
is proportional to the power spectrum of the free surface disturbance amplitude,
G(k,ly (see Eq. 92 below), and the abscissa is uk;, where k,, is the wavenumber in
the direction of the jet axis, u is the free surface velocity, and [ is the integral scale
of turbulence.

These graphs of power spectrum vs. disturbance wavenumber show that broad-
band turbulent disturbances dominate ‘over any single wavenumber disturbance
related to a Rayleigh-type instability. In addition, these log-log spectral plots show
a portion of very nearly linear decrease in the spectral amplitude, characteristic of
high wavenumber turbulence. Except for measurement locations very near the nozzle,
the slope of this linear portion is —19/3, so that the spectra decay as k198,

A model that explains the spectral decay was constructed by Bhunia and Lienhard
[96], who approximated the jet surface as planar. The liquid pressure fluctuations
near the free surface are balanced by the surface tension, so that along the plane of
the surface

9°6 %6
-0 99,29 90

P (axz oy* J 0
Bhunia and Lienhard modelled the liquid-side pressure fluctuations as those of a
spatially homogeneous turbulence. By treating both p and 6 as stationary random
functions, they obtained the following equation for the mean-squared amplitude of
surface disturbances:

37:[; K ;;(—}——)Tig(k)d@dkzdkl 1)

K +k}
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o/d = 13.8 ) proportional to G(k,l) [96].
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Here, F(k) is the turbulent pressure spectrum, and (k
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mogeneous turbulence [97],
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‘ the measured one-dimensional
disturbances, G(m), they introduced the definition | pectrum of the surface
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where 717is i
n1s the wavenumber of the free surface disturbances nondimensionalized with

the integral scale of turbulence
» L. From Egs. 91 and 92, ; i
wavenumbers (77 >> 1) the disturbance spectrum is 1 follows that et
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d=58 mm Flglll:e 24 Measured power spectra of turbu-
Wey = 1444 lent liquid-jet surface disturbances. Ordinate is
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where we have transformed from Cartesian to polar coordinates in the wavenumber
plane, (k, k) — (k,.0), with =k land k, = ka + k. After evaluating the integral,
the one-dimensional spectrum of free surface turbulent disturbances (measured along
any direction 6) is found to be

2. 2432
ul" ) e

G(m)~2.41 (-%)n , M>>1 ©4)

N J

This analysis explains the observed —19/3 slope in the log-log plots of the disturbance
spectra as a consequence of the k; " variation of the one-dimensional spectrum of
the pressure fluctuations and a factor of k, introduced by the derivatives of §in the
capillary force balance equation.

6.2 Turbulent Axisymmetric Jet Heat Transfer

Turbulent jets usually create greater heat transfer coefficients than otherwise
identical laminar jets. Turbulent heat transfer in the stagnation zone was discussed
at length in Sections 4.4 to 4.7. Downstream of the stagnation region, the heat
transfer coefficient decreases with increasing radius. The decrease is fairly rapid
for small radii (roughly 1 < r/d < 2) as the flow leaves the stagnation zone and the
boundary layers thicken. Both splattering and nonsplattering jets show a flattening
or a slight increase in local k in the vicinity of r/d = 3 — 5; this increase is generally
attributed to a full turbulent transition of liquid film. Thereafter, the local heat
transfer coefficient decreases with radius in a fashion described by the turbulent
law-of-the-wall.

Data for nonsplattering, turbulent jets were obtained by Stevens and Webb [61]
in the range r/d < 7.5 and 6800 < Re, < 42200. Data including splattering were
obtained by Lienhard et al. [91] for 19000 < Re,;< 69000 and r/d < 28. Both studies
used fully developed turbulent water jets. Stevens and Webb provide a correlating
equation for the region upstream of the turbulent transition radius, which they
observed to shift with Reynolds number; the coefficients of this equation were found
to vary with nozzle size.

Lienhard et al. [91] constructed a model for the downstream variation of the heat
transfer coefficient that accounted for the occurrence of splattering. This model
assumes that the radius of droplet departure coincides with the location of turbulent
transition, both occurring at r/d = 4.5. In the boundary layer region between the
stagnation zone and r/d = 4.5, they correlated the ratio of average turbulent & to
average laminar k as a function of the @ parameter (Figure 25). The enhancement of
heat transfer in this region is due to the very strong wave-like disturbances on the thin
liguid film and can amount to as much as a factor of 3.

Splattering of droplets removes both mass and momentum from the liquid sheet.
Lienhard et al. coupled conservation of mass and momentum with their correlation
for the splattered mass, &, to obtain estimates for the initial velocity and thickness



258 ANNUAL REVIEW OF HEAT TRANSFER, VOL. 6

of the turbulent liquid sheet after splattering (r/d > 4.5). They then applied a skin
friction equation and the thermal law-of-the-wall to estimate the local Nusselt
number downstream.

Their prediction is compared to that for a laminar incoming jet in Figure 26 for
various values of the splatter fraction & and fixed Reynolds and Prandtl numbers.
Raising the fraction of liquid splattered causes increasing deterioration of the heat
transfer far downstream; however, in most cases for r/d less than about 20, the
turbulent jet heat transfer is still well above that for a laminar jet.

These results can be combined to find the radial variation of local k for turbulent
splattering jets. The stagnation zone Nu, can be calculated from equations given in
Section 4.5, Nu, between the stagnation zone and #/d = 4.5 can be found from the
laminar equations (Section 5.2) and Figure 25, and the heat transfer farther down-
stream can be obtained from the equations in Lienhard et al. [91]. The combined
prediction is compared to data in Figure 27; the overall agreement is good.

7 OTHER ASPECTS OF JET IMPINGEMENT

7.1 Average Heat Transfer Coefficients

Several studies have correlated average heat transfer coefficients for axisymmetric
impinging jets. In Sections 5 and 6, these jets were shown to have a strong variation
in local h as the radial distance from the stagnation point increases. Thus, the average

avg(Nug/Nug jam) before splattering
without stagnation point

0 1.9x10%<Reg<4.0x10%

© 4.0x10%<Reg<5.0x10%

0 5.0x104<Reg<6.9x10*
1 L 4 A L L

"o 2000 4000 6000 8000 10000
(O]

Figure 25 Augmentation of average Nu,, relative to laminar flow in the boundary layer region upstream
of the splattering radius, /d = 4.5 [91].
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Figure 26 Estimated local Nusselt number for the region after splattering: Re, = 50,000; Pr =10 [91].

heat transfer coefficient, & , depends strongly on the ratio of jet diameter, d to the
target diameter, D, over which the average is taken. Changes in nozzle conditions 1-
velocity profile or turbulence levels — will also affect.the average n ‘strong v,
especially when the target area is not much larger than .the jet. In adqmon, 1ncrea§es
in the liguid bulk temperature with radius can cause introduce variable properties
effects into correlations for 7 .

Metzger et al. [98], for example, correlated the average Stanton number for
isothermal surfaces as a product of powers of Re,, Pr, and D/d:

— ~0.774 ~0.37
st=—"_—074 Re %% pro3t (2) (i] (95)
pCpu t d H aw
600 Reg=40400  Pr=9.25  (inlet) Figure 27 Comparison of local Nu, data for
( @=4003 =92 turbulent jets to the mode] of Lienhard et al. [91].
o present data

—— present correfation

—-— laminar prediction
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This correlation is based on various data for fully turbulent tube nozzles within the
ranges 2200 < Re, < 138200, 3.0 < Pr< 151, 1.75 £ D/d < 13.2, and 0.6 < Ut <
1.0. Here, ,is evaluated at the wall temperature, and y,, is evaluated at the adiab‘:tic
v‘vall .temperature, which is usually almost equal to the jet temperature. The correla-
tion is accurate to about 25% in this range of parameters.

Steven and Webb [61] developed a fairly complicated algebraic equation that
correlated the integral of their local h measurements for D/d less than about & to an
accuracy of £15. These results were obtained for fully turbulent water jets striking
a uniform heat flux surface with 6800 < Re, < 41000. )

Womac et al. [99] measured # for small diameter jets of FC-77, with an eye
toward electronics cooling applications. Their results also suggest that h can be
greater for single submerged jets than for single unsubmerged jets in some cases
because, at. large radii, the unsubmerged jet’s liquid film increases in temperature an(i
decreases in speed, whereas the submerged jet mixes vigorously with colder sur-
rounding fluid.

' Womac et al. [81] have examined in detail the problem of constructing correla-
FIOHS fmt average heat transfer coefficients. While their specific interest is in electron-
ics cooling applications, they also considered the results mentioned above. On that

basis, they proposed the following correlation that separately weighs the stagnation-
zone and downstream contributions to 4 :

N,

_ os( D D
5o =0516Re; (g)Ar+o.491Re‘;m(z)(1 - A) (96)

Here, the area ratio is

d2

A"E.

©n

the approximate length of the wall jet region is L = 0.5(D - d), d is the diameter
of thej jet just prior to impact, and both Reynolds numbers are based on the jet
velocity just prior to impact. The correlation is derived from data for weakly
turbulent jets impacting a nearly isothermal surface at 1250 < Re, < 51000 for 2.3
< D/d £ 9.2 and Pr = 7 or 25. It fits that data to £15. The comparison to other

existing data is also good, although the high Pr data of Metzger et al. are on average
20% below this correlation.

7.2 Moving Walls, Quenching, and Unsteadiness

Jet i@pingcment onto moving surfaces is of importance in materials processing
a.pphcations. For example, water jets are sometimes situated at the end of hot-rolling
hAnes Fo quench the steel billets as they pass. Studies of jet impingement in these
situations, and for other unsteady conditions, have been made by Zumbrunnen and
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co-workers [30,100-103] for planar jets and by Chen and Kothari [104] for circular
jets. The use of planar jets for quenching processes has been surveyed by Viskanta
and Incropera [105].

7.3 Applications to Electronics Cooling

A number of papers have investigated the potential use of impinging ligquid jets for
cooling high powes-density electronics. The technical problem is to remove fairly
Jarge heat fluxes (typically from 10 to 200 W/cm?) while maintaining relatively low
temperature differences (semiconductor junction temperatures to be held below 85 or
100°C). Jets are attractive because of the high local heat transfer coefficient that can
be achieved in the stagnation zone, which may be located atop an integrated circuit.
A principal limitation that occurs is the need for dielectric coolants, such as FC-77,
which cannot really match the thermal performance of water.

Typical designs may involve closely confined jets that are more nearly submerged
than unsubmerged. Several designs have used arrays of jets for large area cooling,
although difficulties arise in manifolding and exhausting the spent coolant. In addition,
10 circumvent the somewhat low £ values achieved with fluorocarbon liquids, combi-
nations of jets and finned surfaces have been tested, and designs that boil the coolant
have been proposed. The interested reader is referred to the literature [81,106-110].

7.4 Boiling in Axisymmetric Jet Impingement

Nucleate boiling raises the impingement heat transfer coefficient markedly, at least
in certain configurations [111]. The liguid may boil when the wall temperature
exceeds the saturation temperature at the local pressure. The elevated liquid pressure
at the stagnation point tends to suppress phase change there, but pressure returns to
ambient pressure by a radius of about one jet diameter from the stagnation point.
Thus, boiling typically begins at the outermost radius of the cooled surface where the
liquid pressures are low and the wall temperatures are generally highest. Critical heat
flux and burnout usually occur when boiling dries up the outflowing liquid sheet at
the outer radius of the cooled target.

If heating is instead confined to the stagnation region, high pressure is maintained
over the entire hot portion of the target, and the wall temperature required for
nucleation is greater. The stagnation pressure can reach tens of atmospheres for jet
velocities above 50 m/s; at such speeds, the already large h of the stagnation zone is
augmented by a higher saturation temperature and a potentially very large difference
between T, and T;, which can lead to enormous heat fluxes. At present, less is known
about boiling and CHF processes in this configuration, even though it may be ideal
for hot spot cooling. Estimated heat transfer coefficients for this configuration
[112,113] have exceeded | MW/m?K, with liquid-side temperature differences reaching
several hundred kelvin.

7.4.1 Jet CHF for Large Area Targets. The available critical heat flux (CHF) data
for jet impingement relate to fairly large ratios of cooled target diameter to jet
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diameter. These studies were conducted by Katto, Monde, and co-workers [114-1 16]
using jets of freon or water impinging on targets of 5 to 60 jet diameters in diameter.
Nucleation was observed over a large radial band of the heater covering most of its
surface downstream of the stagnation zone. Nucleation ‘was not reported in the
stagnation zone itself, although it was described as being within a diameter of it. CHF
generally began at the outer edge of the heated disk and was often accompanied by
dryout. Area-average critical heat fluxes of up to 18 MW/m? were reported.

Models and correlations have been developed for CHF in the jet/disk configura-
tion [117]. These models show that vapor efflux and droplet ejection are critical to
burnout. The ejection of droplets by vapor bubbles increases substantially with
increasing heat flux and limits the supply of liquid to larger radii. In addition,
kinematic splattering, as described in Section 6.1 for isothermal systems, will prob-
ably reduce the CHF on large area targets when the jet velocity is high or the jet
length is long.

Arrays of jets have been implemented as a method of cooling still larger areas.
This configuration has been studied by Monde and Inoue [18], who found that array
CHF behavior was actually quite similar to single jet CHF. In particular, the single
jet correlation of Sharan and Lienhard [ 117] accurately predicts the area-average
CHF of jet arrays having as many as four jets.

7.4.2 Jet CHF for Stagnation Zone Heating. Very little data are available for
boiling situations in which heating is confined to the stagnation region. The small
areas here experience better liquid supply and higher pressures than in large-area
CHF studies, and the dryout phenomena that occur in large-target cooling are no
longer an issue. Nucleation behavior in this case, however, remains sketchy, and two
questions appear to be central to understanding stagnation-zone CHF: how the very
high local liquid pressure will affect the critical heat flux, and how boiling and CHF
phenomena occur when heating is limited to a small area.

At high velocities, the stagnation-point pressure can become a significant fraction
of the liquid’s critical pressure, P. Thermodynamic effects should be significant, in
the sense of an increased saturation temperature and strongly altered physical prop-
erties and nucleation dynamics. Past work in various other boiling configurations has
established that increasing pressure raises both the nucleate boiling heat flux (at a
given wall superheat) and the critical heat flux. Maximum CHF occurs for pressures
in the vicinity of 0.35 p,, with rapidly decreasing CHF for pressures beyond 0.4 D..
For water, this maximum CHF corresponds to pressures of about 70 atm in both pool
and convective boiling [118]. For an impinging water jet, a stagnation-point pressure
of 70 atm occurs at a jet speed of about 120 m/s. It seems reasonable to expect that
heat flux (boiling and critical heat flux, as well as convective flux) will increase as
Jet speed is increased toward this value. Indeed, Liu and Lienhard [112] observed a
monotonic increase in stagnation-point heat flux (at fixed wall superheat) as jet
velocities were increased from 50 to 134 m/s.

A few studies have also examined boiling behavior for small heater sizes. Ma and
Bergles [111] provide measurements of nucleate boiling heat fluxes during jet
impingement of R-113 on a square heated region with a dimension of 2 to 3 jet
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diameters. While they reported a trend toward a velocity-independent fully devel-
oped boiling curve as the flux increased, the velocities involve.d (10 m/s or 1§ss) we.re
too low to cause a thermodynamically significant increase in the staggatmmpomt
pressure. They did not provide direct data for CHF. Samant and Simon [119]
examined boiling behavior from a small heated patch cooled by a paralle] turbulent
channel flow of FC-72, They saw no evidence of a burnout phenomenon at CHF;
instead, the heat flux simply increased more slowly with increasi'ng wall superheat
in the transition and film boiling regions than in the nucleate regime.

Boiling in planar jet impingement has also been studied [120] and is surveyed by
Viskanta and Incropera [105].

7.5 Extremely High Heat Fluxes in Jet Impingement

The highest heat fluxes obtained have generally been CHF vaiue§ for tube flows of
water, with maximum critical fluxes in the range of 100 to 350 MW/m? Usually, these
critical fluxes are reached under large subcooling of the bulk .quuid [121,122} .by
making the tube diameter small (a millimeter or two) and increasing the ijlow Yelomty
to as much as 50 m/s. Even at these extreme conditions, the region over which high heat
flux occurs is limited to a few centimeters along the length of the tube. ’

Liu and Lienhard [112,113] made a direct attempt to create extremely high heat
fluxes using high velocity water jets to cool a small heated regio'n. They c;onﬁned the
heating to the high-pressure stagnation region of a 1.9 mm diameter J.e.t, 50 as to
capitalize on the thermodynamic suppression phase change. Jet velocities ranged
from 50 to 134 m/s, and associated stagnation pressures were between 1? and 89 atm.
Their heat fluxes ranged between 50 and 400 MW/m? and include the highest steady
state fluxes ever reported for any configuration. .

Those experiments used thin metal targets heated on one side by a plgsma arc and
cooled on the opposite side by the jet. The arc side of the ta‘rget was partially melted;
temperatures through the target varied from the melting point temperature fo a value
of 100 to 300°C on the liquid side. In this condition, the targets were less than a
millimeter in thickness. ‘ . o

After impact, the jets splattered much liquid, which prevented direct visualization
of the stagnation zone. Thus, it was not possible to verify the presence or absence of
phase change. However, Liu and Lienhard saw no evidence of a CHF or bumgul
phenomenon during stagnation-point heating. Their heat fluxes were g‘enera%iy lim-
ited by either the thermal power available for heating or t?y a me<_:hamcai failure of
the targets (rupture in the form of fracture or plastic yielding). Fm}u}’@ depcn@ed on
the target material used but not necessarily on its thermal conductivity. The highest
fluxes were achieved using molybdenum targets; targets of steel, tungsten, and
tantalum all failed at lower heat fluxes. The absence of a burnout process and the
material dependence of target failure imply that liquid-side processes are not the
principal factor limiting heat removal in these conditions. . .

From an engineering viewpoint, the limitations on stagnatxomz.one heat flux by jet
impingement are associated with the structural integrity of the solid target rather than
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the heat tr.ansfer coefficient. Temperatures and temperature gradients in the targets
are very high; thermal stresses are large; and the extremely high flux experiments t(;
date shqw th'fu mc?chanical failure of the target tends to limit the achievable heat flux
T ° obtain still higher fluxes, better target materials are needed. As described b§;
Llenh.ard and Khounsary [123], synthetic diamond films are an especially promisin

mat‘e‘:nal for these high heat flux applications, owing to the high thermal éonductivit?
of mampnd and its low thermal expansion coefficient and high strength; and poly-
crystalline synthetic diamonds of relatively large size can now bebpr;)ducecﬁ gr
chemical vapor deposition processes. ’
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CORRECTIONS OF LAMINAR IMPINGING JET EQUATIONS

J.H. LIENHARD V

The equation for C3 is a bit complicated, and it has repeatedly carried typographical
errors of one sort or another. These errors appear in: Liu and Lienhard (1989, eq. 16);
Liu, Lienhard and Lombara (1991, eq. 4); Lienhard (1995, Table 5); and Lienhard (2006,
eq. 36).

The correct equation for Cj is:

(1) Cs = 2 4 2
0.1713 (d /7o) + (5.147 7o /Reg d)} Re)

0.267(d/ro)/? 1 <r0>2
d

Equation (78) and Table 5 in Lienhard (1995) give an incorrect expression for Nug. The
correct expression is:

Guw d B 8 ReqPr f(Cy, Pr)
k(Tw —Ty) 49 (hr/d?) + 28 (r/d)* f(Cy, Pr)

(2) Nud =
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