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Streamwise distribution of the recovery factor
and the local heat transfer coefficient
to an impinging circular air jet
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Abstract—An investigation of the radial distribution of the recovery factor and the local heat transfer for

an axisymmetric impinging air jet formed by a smooth nozzle is described. The recovery factor is dependent

on the jet nozzle to impingement plate spacing, but is independent of jet Reynolds number. The maximum

stagnation region heat transfer occurs at a nozzle to impingement plate spacing of about eight jet diameters.
A correlation is obtained for the average heat transfer from the surface.

1. INTRODUCTION

IN MANY industrial systems—including high tem-
perature gas turbines, paper and glass manufacturing
plants and high density electrical and electronic equip-
ment—impinging jets of fluid, usually air, are used to
cool, heat or dry a surface. Over the past three decades
numerous studies have been reported on the heat
transfer to impinging single and multiple jets. Table 1
lists investigations [1-25] which considered a single
impinging circular jet. A survey of early works is
provided by Martin [26].

Gardon and Cobonpue [3] first described the rate
of heat transfer to an impinging jet as proportional to
the difference between the (impingement) plate tem-
perature and the adiabatic wall temperature, which
varies from point to point on the impingement
surface. In refs. [11, 13, 21] adiabatic wall temperature
is used in calculating the heat transfer coefficient with
an impinging single round jet in the presence of a
cross-flowing air stream. Hollworth and Wilson [23]
report measurements of effectiveness (essentially
recovery factor —dimensionless adiabatic wall tem-
perature) with an impinging circular air jet. In the
same experimental apparatus Hollworth and Gero
[24] investigated local heat transfer. Obot et al. [19]
studied the effect of jet-exit geometry on impingement
heat transfer. They found the jet-exit geometry mainly
influences the heat transfer coefficient in the stag-
nation region for L/D < 6.

In the present investigation, adiabatic wall tem-
perature and local heat transfer from an impinging
plate to a circular air jet are measured for jet to
impingement plate spacings (L/D) of 2, 4, 5, 6, 7, 8,
10 and 12, with nominal jet Reynolds numbers of
61000, 79 000, 89 000, 106 000 and 124 000.

*Present address: University of Cincinnati, Cincinnati,
OH, US.A.

tPresent address: Control Data Corporation, Arden
Hills, MN, U.S.A.

2. EXPERIMENTAL APPARATUS
AND OPERATIONAL PROCEDURE

The experimental apparatus is similar to those de-
scribed in refs. [11, 13, 21]; only a brief description of
it is given here. The heat transfer test plate is 24.05 cm
wide and 114 cm long. Air for the jet is supplied by
the building compressor. After filtering and
regulation, the air is metered by a replaceable thin-
plate orifice. In a 127-cm-long section, an electric
heater helps control the desired (total) air tempera-
ture, usually close to the ambient room air tempera-
ture. Next, the air is introduced into an insulated
delivery tube 4.09 cm L.D. and 83 cm long. Attached
to this tube is the jet exit assembly.

The jet exit assembly, Fig. 1a, consists of an upper
bracket, a spacer and a nozzle. The upper bracket is
fastened to the delivery pipe from above and a
2.54 cm thick piece of plexiglas support from below.
Brass spacers of different lengths are used to vary the
jet nozzle to impingement-plate spacing. The spacer
is threaded into the upper bracket. The quarter-ellipse
aluminum jet nozzle is designed according to the
ASME power code [27]. The impinegment plate is
made of thin textolite with styrofoam backing
(Fig. 1b). Twenty-one stainless-steel heating foils
(0.0254 mm thick) are bonded on the textolite, and
63 36-gauge iron—constantan thermocouples are em-
bedded in the test plate in thermal contact with the
stainless-steel heating foils via copper oxide.

In each test run, the mass flow is adjusted to give
the desired Reynolds number and the air is heated so
that:

T? ~ Tq.

Each test run is composed of two parts. First, the
temperature distribution on the test plate is measured
when the wall-heat flux is zero. This provides the
adiabatic wall temperature T,,. Then, the wall tem-
perature distribution is measured on the test plate
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NOMENCLATURE

A;  jet exit area Re  jet Reynolds number, UD/v;
¢,  specific heat of fluid r recovery factor,
D jet diameter (1.27 cm) (To— THITY2c,)]
h local heat transfer coefficient, R radial distance from geometrical center
_ q/(Tw—T,) of jet—shown as greater or less than zero
h,  area average heat transfer coefficient for on the measurement line

constant heat flux wall, g/(Tw — T,.) T,, adiabatic wall temperature
J exponent in equation (4) T3  jet static temperature
k thermal conductivity of fluid 7  jet total temperature, measured 127 mm
L jet to impingement plate spacing upstream of the jet exit
my;  jet mass flow rate Tr room temperature
Nu  local Nusselt number, AD/k T, wall temperature
Nu  Nusselt number averaged over area U,  jet velocity, rit/pA;

from R = 0 to R = R, [equation (4)]
Nu, area averaged Nusselt number for Greek symbols

constant heat flux [equation (7)] v kinematic viscosity
q wall heat flux p;  fluid density at jet exit.

DELIVERY where ¢ is the heat flux from the surface corrected for
TUBE lateral conduction, for conduction to the back and
PLEXIGLAS
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FiG. 1. Jet nozzle and test plate.

after the current is turned on in the heating foils.
Approximately 1.5 h are required to reach steady-
state conditions for each part of the test run.

3. RESULTS

Experimental results for heat transfer are presented
in terms of the Nusselt number

Nu = h—kD—. 0

The local heat transfer coefficient is defined by

-7
Tw - Taw (2)

for radiation. The definition of local heat transfer
coefficient [equation (2)], based on the difference
between the wall temperature and the adiabatic wall
temperature, is well established [3, 11, 13, 21, 24].
Knowledge of T,,, is of great importance if meaningful
results are to be obtained that can be used in different
applications.

The adiabatic wall temperature measurements are
presented in dimensionless form using a recovery
factor

T.w.—T;

Figures 2 and 3 show the radial variation of the recov-
ery factor for jet to impingement plate spacings (L/D)
of 2 and 8, respectively. Although care was taken to
set T7equal to the room temperature, Ty, by heating
the jet air, small variations in temperature with time
produced some scatter in r at low jet Reynolds
number. Figures 2 and 3 each contain four graphs
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Fic. 2. Radial distribution of the recovery factor for
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corresponding to the different Reynolds numbers.
Inspection of these figures and results for the other
values of L/D show that the recovery factor is inde-
pendent of Reynolds number. Figure 4 presents radial
distributions of the recovery factor for a number of
different spacings at Re = 124000. Note that r is
dependent on spacing.

Figure 5 shows recovery factor as a function of L/D
for various Re at R/D = 0 and 2. At the stagnation
point (R = 0), for all Re the recovery factor is close
to unity at L/D = 2, increases till L/D ~§, and then
levels off at larger spacings. For R/D = 2, close to the
minima* shown in Fig. 2, the recovery factor is also
essentially independent of Re but varies significantly
with spacing. The increase in recovery factor with L/D
is attributed to greater mixing of warmer ambient
air (the jet static temperature is reduced below the
ambient temperature by the dynamic temperature)
with the jet as L/D increases.

Turning our attention back to Figs. 24, outside
the region near stagnation (for R/D > 4), r is close to
unity. Local minima appear near the stagnation point
at R/D ~ +2. These local minima have their lowest
value at L/D =~ 2. The occurrence of significant local
minima in r at small L/D can be attributed to energy
separation in the highly curved flow present. At small
spacing where the impingement plate would be within
the potential core of the jet, the jet is surrounded by
vortex rings in the shear layer. These vortex rings keep
their orderly structure after impingement [28]. For
vortex motion, as discussed by Hartnett and Eckert
[29], an energy separation exists where the minimum
energy occurs at the center of the vortex. This cor-
responds to the local minimum in recovery factor at
R/D ~2. At L/D > 4, breakdown of the vortex rings
takes place [28] and the local minimum of r tends to
disappear (cf. Fig. 4).

The heat transfer results are represented in dimen-
sionless form by the Nusselt number. In general, the
local Nusselt number would be a function of L/D,
R/D, Pr(approximately constant in the present study)

* As measurements were taken along a line through the
stagnation point on the plate, values of R greater and less
than zero are plotted. Since the jet is axisymmetric this is not
strictly necessary. The minima discussed at R/D ~ 12 are
really one off-center minimum.
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FIG. 6. Radial distribution of Nu/Re®"for L/D = 2.

and Re. The dependence on Re can be approximated
by a power-law dependence

Nu o Re’. 4

The value of j is somewhat dependent on R/D. Close
to the stagnation point jissmaller (~0.5 forsmall L/ D)
than at larger R. For a plane wall jet, values of 0.75(30)
and 0.80(31) have been found. For convenience, a
constant value of j is used in the present correlation
(cf. discussion on correlation below).

Figures 6-9 contain plots of Nu/Re% " as a function
of radial position for jet to impingement plate spacings
(L/D) of 2, 5, 8 and 10 respectively. On each figure,
results for Re = 61000, 89000, 106000 and 124000
are presented. As can be seen from these figures,
Nu/Re®™¢ s essentially independent of Re for all L/D
in the range of the present experiments except close
to R = 0. Nu/Re%’¢ has little dependence on L/D as
well as Re in regions for which | R/D| > 4. At these
large radii Nu decreases as a result of the increase in
the boundary thickness.

In the stagnation region, Nu varies with spacing. At
small spacing (L/D = 2, 4 and 5), secondary maxima
appearat R/D ~ + 2. For L/D = 2, theselocal maxima
are higher than the stagnation (R/D = 0) values of Nu
(Fig. 6). This can also be observed in Fig. 10, where
Nu/Re%¢is shown as a function of L/D for the differ-
ent Re at R/D = 0 and 2. The local maxima at R/D ~ 2
are attributed to the enhancement of heat transfer
from entrainment caused by vortex rings in the shear
layer. Local maxima in Nu were also observed by
other investigators [3, 14, 22]. The stagnation Nu

L/D =5 O Re = 124,000
005+ & Re = 106000
0O Re = 89,000
004 v Re = 1,000
w
b
o b
e 003
3 ooz
z T j
001 R
o g
o 1 | 1 i 9 8, o gl
~20 -10 o] 10 20 30 40 50 &0

R/D
F1G. 7. Radial distribution of Nu/Re®"for L/D = 5.
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F1G. 8. Radial distribution of Nu/Re""¢for L/D = 8.

increases with L/D and reaches its maximum at
L/D = 8, beyond which it decreases (cf. Fig. 10). This
increase in stagnation Nu can be related to penetration
of turbulent-induced mixing from the shear layer. The
decrease beyond L/D = 8 is a consequence of lower
arrival velocity of the jet. Note again there is little
effect of spacing on Nu for R/D > 4 in the range of
the present tests.

As the jet is axisymmetric, the radial distribution of
Nu can be averaged to give the mean Nusselt number

R

e 2
Nu= T NuR dR. )
The integral is determined numerically for R/D =
0.5,1,2, 3,6, 18 and 32 for L/D > 6. These results
are satisfactorily correlated by:

Nu (A—|L/D=1.75])
Re®? B+ C(R/DYy

where 4 = 24, B = 533, C = 44 and n = 1.285. Figure
11 shows this correlation; the spread in the data is
indicated by the vertical bars.

Equation (5) evaluates Nu based on the assumption
of constant (T — T,,) over the impingement surface.
In this study, however, heat flux at the wall is constant.
Defining an average temperature difference

©®

E— 2 (R
Tw_Tawz"ﬁiJ; (TW_Taw)RdR (7)
and
h,=g/(Ty—T..) 8
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FiG. 9. Radial distribution of Nu/Re*™for L/D = 10.
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the area-averaged Nusselt number based on the con-
stant heat flux becomes:

0

- RZ R 1

A correlation similar to equation (6) can be obtained
to describe Nu,

Nu, (4—|L/D-1.15])
RS~ B+C(R/D)"

where A, B and C are as given for equation (6) above
and m = 1.394. The range of validity is the same as
for equation (6). N_u,, is found to be closely equal to
Nu (cf. Fig. 11) up to R/D = 4. At larger R/D, IVu;
is somewhat higher than Nu.

The exponent, 0.76, for equations (4) and (10) is
chosen from a least-squares analysis to minimize the
standard deviation of the data from the correlation.
The variation of the standard deviation with the value
of the exponent is small in the region of the minimum,
and other values could be used. If 0.75 or 0.8 were
used for j, equations (6) and (9) would be little changed
other than 4 = 475 and B = 39 when j = 0.75 and
A = 842 and B = 70 when j = 0.8. These variations in
the correlation have some merit when comparing the

(10)
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FiG. 12. Comparison of the local heat transfer results with
other studies.

results to analytical predictions particularly in the wall
jet region at large R. -

Comparison of results

Local heat transfer results are compared in Fig. 12
with results from earlier investigations. Inspection of
Fig. 12 shows good agreement between the present
study and those of refs. [10, 24] for R/D > 2. However,
considerable differences in heat transfer coefficients
exist in the stagnation region (R/D < 2). This dis-
crepancy can be attributed [19], at least partly, to
differences in the jet-exit geometries of the different
studies. Area averaged heat transfer coefficients are
compared in Table 2 with the correlation in ref. [26)
using results of various investigators. Good agree-
ment is observed.

4. SUMMARY AND CONCLUDING
REMARKS

The recovery factor on the impingement surface is
independent of jet Reynolds numbers, but is depen-
dent on jet to impingement plate spacing. At small

3x10°3 —
Nu 1 L
— i (A-|Y-778))
- Re>™®  BeC(R/D)" ! =
G Aﬁ_?‘b ,B533,C=44 ,n=1.285 L/,,Rz 6 E
- 3L N 05<Rps32
N 2600 —re * — L (a-t-778)) ° &
o Re% B+C(R/D) J
4 m=1.394 -
':( L4
= 3 b
o o .
123 21
2 (2
% 40

FiG. 11. Area-averaged heat transfer correlation for constant surface heat flux and constant surface
temperature.
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Table 2. Comparison of area-averaged Nusselt number

Re = 61000 Re = 89000 Re = 12400
Present study Present study Present study
R/D L/D Ref. [26] Nu, Ref. [26] Nu, Ref. [26] Nu,
6 159 151 207 202 261 260
3 8 149 162 194 216 245 278
12 133 134 172 179 218 231
6 103 126 133 168 168 217
6 8 99 134 129 180 163 232
12 93 112 121 150 153 193

spacing, the recovery factor in the stagnation region
has a minimum near R/D =~ 2 apparently due to energy
separation in the vortex ring region in the shear layer.
For L/D greater than about 5 up to the largest spacing
studied (L/D = 12), the stagnation region recovery
factor can be greater than unity due to mixing of the
ambient fluid with the jet. The heat transfer is best
correlated by Nu/Re®™for all L/D. The Nusselt num-
berhasamaximumat R/D ~ 2 forjet-to-plate spacings
up to L/D =35. The maximum stagnation Nusselt
number occurs at about L/D = §.
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DISTRIBUTION DU FACTEUR DE RECUPERATION ET DU COEFFICIENT LOCAL DE
CONVECTION POUR UN JET D’AIR CIRCULAIRE IMPACTANT

Résumé—On décrit une étude de la distribution radiale du facteur de récupération et du coefficient de

convection local pour un jet axisymeétrique d’air qui sort d’une tuyére lisse et qui frappe une surface. Le

facteur de récupération dépend de la distance entre la sortie du jet et la plaque, mais il est indépendant du

nombre de Reynolds. Le maximum du transfert thermique au point d’arrét est obtenu a une distance de
huit diamétres. Une formuie est donnée pour le transfert thermique global sur la surface.

VERTEILUNG DES ‘RECOVERY’-FAKTORS UND DES ORTLICHEN
WARMEUBERGANGSKOEFFIZIENTEN BEIM AUFTREFFEN EINES
LUFTSTRAHLES MIT KREISQUERSCHNITT

Zusammenfassung—Beschrieben wird eine Untersuchung der radialen Verteilung des ‘Recovery’-Faktors

und des ortlichen Wirmeiibergangskoeffizienten beim Auftreffen eines axialsymmetrischen Luftstrahles,

der durch eine gut gerundete Diise erzeugt wird. Der ‘Recovery’-Faktor ist abhdngig vom Abstand zwischen

der Diise und der angestrémten Platte, jedoch unabhéngig von der Reynoldszahl des Strahles. Der maximale

Wirmetibergangskoeffizient im Staugebiet ergibt sich, wenn der Diisenabstand dem achtfachen Strahl-

durchmesser entspricht. Es wurde eine Beziehung fiir den mittleren Warmetibergangskoeffizienten an der
Oberfliche ermittelt.

PACITPEAEJIEHHUE B PAJJMAJIBHOM HAITPABJJEHHUHU KO3®OHUUUEHTOB
BOCCTAHOBJIEHNS U JIOKAJILHOT'O TEIJIONMEPEHOCA K KPYTJION
BO31YIIHON CTPYE, HATEKAIOIWEN HA TMPErPAZLY

AnnoTauus-—ONNCHIBAIOTCS PE3Y/IbTATHL UCCIENOBAHHA paJHaibHOrO pacnpelelieHUs xodhduimenTta
BOCCTAHOBJICHHS M JIOKAJBbHOIO TEIJIONEPEHOCA I8 OCECMMMETpPHYHO# Haberarowneit CTpyu Bosayxa,
UCTeKarollelt U3 raagkoro comna. flokasaxo, 4To KOIpHULUMEHT BOCCTAHOBICHUA 3aBUCHT OT OTHOLLE-
HHMA PACCTONHMS O IUIACTHHBI K THAMETPY COMJIa, HO HE3aBUCHM OT uncna Pefinonbaca ctpyu. Maxcu-

MaJibHas

3acTolHas oOnacTh TemooO6MeHa HMeeT MeCTo py  YKa3aHHOM

TFCOMETPHUUYECKOM

COOTHOLICHHH, PABHOM 8. Honyqeua 3aBUCHMOCTD U1 OCPEAHEHHOr O TETIONEPEHOCA ¢ NOBEPXHOCTH.



