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Abstract-The heat transfer between a submerged jet of liquid and a plate held normal to the flow is 
studied experimentally. Three heat transfer regions varying in relative length of jet h/d are established 
The rated formulae satisfactorily agreeing with the experimental data of other investigators [l], [2], 
[ 31 are recommended. 

For the ranges h/d < 03,03 < h/d < I@0 and h/d > 10.0 we give rated formulae. The rated formulae 
obtained are valid for a wide range of variable main parameters, defining heat transfer processes of 
the jet stream-line of plates normal to the flow. For the ranges 05 < h/d < 10.0 and h/d > 10.0 par- 
ticular rated formulae which include the angle of attack are rrzomrnended. The correlation factor for 
the angle of attack l 4 is found from one of the figures. 

The influence of the walls which limit the flow of jet heat transfer is investigated. 

R&sum&La transmission de chaleur entre un jet de liquide submerge et une plaque tenue normale- 
ment a l%coulement est ttudiee exp&imentalement. Trois regions de transmission de chaleur variant 
suivant la longueur relative du jet h/d sont Ctablies. Des formules, en accord satisfaisant avec les don- 
&es experimentales des autres chercheurs [l], [2], [3], sont recommandt?es. 

Les formules sont don&es pour les domaines h/d < 0,5; 0,5 < h/d < 10,O et h/d > 10,O. Les 
formules obtenues sont valables dans un grand domaine des principaux parametres variables detinis- 
sant les processus de transmission de chaleur entre le jet et les plaques tenues normalement a l’t%oule- 
ment. Pour les domaines 0,5 < h/d < 10,O et h/d > 10,O des formules particulieres sont recom- 
mand&ss en tenant compte de l’angle d’attaque. Le facteur de correlation pour Tangle d’attaque ES 
est trouve a partir dune des figures. 

L’influence, sur la transmission de chaleur, des parois qui limitent le jet est BtudiQ. 

Zusammenfasaung-Der Warmeiibergang zwischen einem getauchten Fliissigkeitsstrahl und einer zur 
Stromung senkrechten Platte wird experimentell untersucht. Drei Warrneiibergangszonen in Abh&ngig- 
keit von der relativen Strahllange h/d lassen sich unterscheiden. Es werden Gleichungen empfohlen, 
die befriedigend mit den Ergebnissen anderer Autoren [l], 121, [3] tibereinstimmen. 

Im Bereich h/d < 0,5; 0,5 < h/d < 10 und h/d > 10 geben wir bestltigte Gleichungen an, die fijr 
einen weiten Bereich der Hauptparameter gelten. Im Bereich 0,5 < h/d < 10 und h/d > 10 werden 
teilweise bestatigte Gleichungen empfohlen, die den Einfluss des Anstrbmwinkels enthalten, der aus 
einem der Diagramme zu entnehmen ist. 

Auch der Eintluss von Begrenzungswlnden wird untersucht. 

AHEOTaqHSi-3KCIIepHMeHTaJIbHO sIcCne~oBaH Tennoo6MeH MeHcHy aaronnemrofi cTpyet 

KaIleJlbHOti NQKOCTH II IlJlaCTEHOfi, paCIlOJIOHteHHOti HOpMaJlbHO IlOTOKy. 

YCTaHOBneHbl TpM 3OHbI TennOO6MeHa, paWIWIaIOIQHeCJ3 II0 OTHOCElTeJIbHOft HnHHe 

CTpyH h/d, M peKOMeHAOBaHbI AJItJ aTIlX EiOH pa&THbIe @OpMynbI, yAOBJIeTBOplrreSbH0 

cornacyH)4HecH c 0nbrrHbIMH A~HH~IME~ Apyrllx HCCneAOBaTeneti [l], [2], [3]. 
B o6nacTn h/d < 0,s paCYGTHOti +OpMynOti IIBnfleTCH 4opMyna (4), B o6nacTn 

0,5 < h/d < IO,0 - 4opMyna (7), B 06nacTH h/d > 10,O - cpopmyna (2) mni (8). 
~onpemme o6061semme @oprdynu CnpaBeAnHBn B IIIH~OKOM AnanaaoHe KaMeHeHHH 

OCHOBHbIX IIapaMeTpOB, OnpeAenJIIO~ElX IIpOueCC Tennoo6MeHa np~l CTpyfiHOM 06TeKann 

nonepxnocreti, pacnono~enubrx nopmanbno norony. 
&m o6nacre2t 0,s < h/d < 10,O M h/d > IO,0 penoMenAyH)rcn pac+?rnne Q"p~ynu 

COOTBeTCTBeHHO (7')II (~'),~~~T~IB~I~I~E~~BJIEIsTHH~ ylYIaaTaKI.3 +nOlIpaBOsHbIti MHOHCIlTeJIb 

Ha yro~~ aTaKM ~4 B @opMynax(7') II (8') 6epeTcsMa pmc.5. 

&'&JIeAOBaHO BJIIlRHIle CTeHOK, OrpaHWlEiBaIOIQEX IIOTOK, Ha CTpytHbIt TennOO6MeH. 
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INTRODUCTION 

FOR the last few years there has been a heightened 
interest in heat transfer problems near the drag 
(stagnation) point of a body placed into a 
potential flow of liquid or at the jet stream-line. 

Among cases at the limit of heat transfer 
phenomena near the critical point of a body at 
the jet stream-line is the heat transfer occurring 
between a jet and a plate held normal to the 
flow. In this case it is possible to take approxi- 
mately the whole surface of the plate for a drag 
point. 

Heat transfer from the hot air jet to the plate 
held normal to flow has been investigated in 
[l] and [2]. 

Perry’s main task was a study of the influence 
of convective heat transfer on the total heat 
transfer in fuel spray furnaces. Basically, with 
such a statement of the problem attention was 
directed to the investigation of heat transfer at 
the jet stream-line of a plate in the narrow range 
of outflow rates for various angles of attack. 
Thus the Reynolds number Red related to the 
outflow rate at the nozzle throat and to its 
diameter varied from 11,000 to 30,000. The 
second important shortcoming of Perry’s experi- 
ments lay in the fact that the distance h from 
the nozzle to the plate was kept constant 
in all experiments (the distance was equal to 
80d where d is the diameter of the nozzle). This 
circumstance resulted in the fact that Perry’s 
rated formulae do not show the influence of the 
relative jet length h/d on the intensity of heat 
transfer, though physically this influence is 
obvious. Really, at h/d -+ co the heat transfer 
coefficient must approach the minimum cor- 
responding to its value for natural convection. 
The heat transfer coefficient will be at its maxi- 
mum for the given outflow rate at h/d --f 0. 

The experiments of Perry were carried out with 
a nozzle having d = 16.5 mm while the tempera- 
ture of air varied from 300” to 600°C. The 
surface receiving heat had the form of a round 
plate with a diameter of 344 mm. The rated 
formula of the heat transfer coefficient for an 
angle of attack measuring 90” is of the following 
form : 

Nu = O-181 . Rea’7. P+. (1) 

In this formula we took the diameter of a 

calorimeter (16.5 mm) by which the heat flow at 
various points of the plate was measured for the 
required dimension. The physical parameters of 
air were related to the so-called “boundary 
layer” mean temperature (half the sum of the 
temperature of air at the outlet from the nozzle 
and the temperature of the wall of the calori- 
meter). 

G. G. Thurlow [2] investigated in his experi- 
ments the influence of the relative jet length 
(h/d) on the heat transfer coefficient for a plate 
normal to the flow. The relative length of the 
jet varied from h/d = 10.0 and higher. The 
Reynolds Re, number related to the nozzle 
diameter fluctuated between 22,000 to 60,000 
and the air temperature at the nozzle throat 
varied from t, = 50” to 200°C. The copper 
plate measuring 610 x 152 mm served as a 
heat receiving surface. 

The data of Thurlow made it possible to find 
out that the heat transfer coefficient at h/d > IO.0 
decreased sharply with an increase of the 
relative jet length, and, as the author pointed 
out, the influence of natural convection would 
become predominant at considerable values of 
h/d B 10.0. In this connection it is interesting to 
note that one of the approximate formulae of 
Thurlow had a Grashof criterium of about l/2. 
Unfortunately Thurlow gives no indication as to 
the range of values of Re, and h/d between 
which the influence of natural convection should 
be taken into account. 

The concluding formula of Thurlow for an 
angle of 90’ is of the form : 

NuI = C - ReAf3 exp (-0.037 h/d) (4 

where the coefficient C is equal to 1.06 for 
a nozzle of 1 in. and 0.33 for the nozzle of 3 in., 
i.e. the coefficient C - d312 where d is expressed 
in inches. 

For the values of h/d > 10.0 formula (2) should 
be considered as rated for heat transfer at the 
jet stream-line of a plate held normal to flow. 
The nozzle diameter d is taken in formula (2) 
as the required dimension. The physical para- 
meters of air were calculated according to its 
temperature at the nozzle throat. The flow 
velocity for Re, was related to the cross-section 
of the nozzle. 

Thurlow could not manage to determine the 



HEAT TRANSFER BETWEEN A JET AND A HELD PLATE NORMAL TO FLOW 3 

exact dependence of the coefficient C on the 
nozzle diameter (only two nozzles 1 in. and 
3 in. in diameter respectively were used for 
these experiments). Therefore for nozzles with 
diameters different from those used in Thurlow’s 
experiments one should handle formula (2) 
with care. 

There are practically no experimental data on 
drop liquids in literature except the four experi- 
mental points received on water by E. Schmidt 
and his co-workers [3]. In the experiments 
carried out by Schmidt a free water jet 3.9 mm 
in diameter played on a perpendicularly placed 
copper plate 134 mm in diameter, heated by 
condensated vapour. The jet velocity at the 
outlet of the nozzle was 5.8, 7.0, 8.9 and IO.7 
m/set respectively; the Reynolds number Red, 
related to the nozzle diameter, varied from 
27,000 to 47,000. The relative jet length was 
constant (h/d z 8.0). 

of the experimental data collected by the other 
investigators. 

THE EXPERIMENTAL INSTALLATION AND 

TESTS 

The heat transfer between the submerged jet 
of a drop liquid (water) and a plate held normal 
to the flow was studied with the help of the 
apparatus shown (Fig. 1). 

The cooling water was supplied into the glass 
tube (1) and the outflow was from a tube of a 
larger diameter filled with water. Water dis- 
charge was regulated by a valve system and con- 
trolled by the choke washer. The thermometers 
3 and 4 with a scale division of O-1 “C measured 
the temperature of water both at the inlet and 
at the outlet from the control section 2. A 
weight method was applied to measure the 
cooling water discharge. 

The control section (2) was made from a 

FIG 1. Scheme of the experimental installation. 

Taking all this into account we conclude that 
heat transfer at the jet stream-line at a plate 
oriented normally to the flow has not been 
studied adequately. The only formula to be 
recommended in this case, namely Thurlow’s 
formula (2), is valid only for a narrow range of 
variation of the main parameters which deter- 
mine the mode of heat transfer. 

In the present work the authors made an 
experimental study of heat transfer between the 
submerged jet of a drop liquid (water) and a 
plate held normal to the flow for a much greater 
range of Reynolds numbers, relative lengths of 
the jet and variations in the diameters of 
nozzles, than in the previous works. Simul- 
taneously the authors sought for a generalization 

metallic tube 54 mm in diameter and 190 mm 
long. A heated copper calorimeter (5) (the plate 
mentioned) 48 mm in diameter was placed at one 
end of this tube and fixed to a thread in a 
Textolite case (6) thus ensuring a minimum of 
heat loss both at the periphery and from the front 
surface of the calorimeter. The ultrathermostat 
(7) was used to keep the temperature of the heat 
transfer surface of the calorimeter constant; 
it was automatically regulated and exact to 
within O*l”C!. Near 90°C the heating water got 
through the isolated pipeline into the calorimeter 
and then into the measuring tank (8). The 
temperature of the hot water at the inlet and the 
outlet of the calorimeter respectively was measur- 
ed by thermometers (9) and (10) with scale 



4 V. A. SMLRNOV, G. E. VEREVOCHKIN and P. M. BRDLICK 

divisions up to O-1 “C. Three thermocouples 
were used to measure the temperatme of the 
heat transfer surface of the calorimeter; one was 
put in the centre and two others at the periphery. 
It was known that the thermostat practically 
ensured a constant tem~rature of the heat 
transfer surface. 

The distance from the jet to the heat transfer 
surface was measured and fixed by the nonius 
(11). The hydrodynamic preparation of the jet 
was made on a length of 8Od. 

Depending on the nozzle diameter d, the 
experiments were divided into six series. The 
diameters of the nozzles used in the experiments 
were 2-5, 6.4, 10.7, 21.3, 30.0 and 36-6 mm 
respectively. Both the outflow rate w0 and the 
distance h from the nozzle to the calorimeter 
(the jet length) varied within this wide range for 
each series of experiments. The variation range of 
outflow rate was from 0.014 to 5 m/set, the 
Reynolds number Re, = (IV, * d/v) referred to 
the nozzle diameter d varied from 50 to 31,000, 
respectively, where w0 is the outflow rate at the 
nozzle throat. The relative distance from the 
nozzle to the plate also differed considerably. 

It should be noted that 5 to 8 points were 
taken off in each series of experiments according 
to the main parameter values (the outflow rate 
and the jet length). Thus every series included 
30 to 50 experiments and about 200 experi- 
mental points were received in sum. 

The position both of the nozzle and the plate 
was under strict control during the experiment; 
the jet axis was always normal to the plate 
(calorimeter) and concurred with the centre of it. 
This was achieved by a special centering arrange- 
ment. 

EXPERIMENTi% RESULTS AND DISCUSSION 

The analysis of the experiments and equations 
which serve to describe the heat transfer process 
at the jet stream-line of a plate normal to the 
flow makes it possible to conclude that generally 
this type of heat transfer is determined by the 
outflow rate wO, the relative distance from the 
nozzle to the plate h/d and by the physical 
characteristics of the liquid. In connection with 
this the criterion equation describing the given 
type of heat transfer will be of the following 
form : 

Nu = f(Re, Pr, h/d) (3) 

where the velocity w0 for the Reynolds number 
is related to the nozzle diameter. The physical 
parameters of the liquid were determined by its 
temperature at the throat of the nozzle. 

The treatment of the experimental data 
according to equation (3) showed that there 
exist three heat transfer regions depending on 
the relative jet length h/d. The critical values of 
the relative jet length are (h/d)? = 0.5 and 
(h/de = 10.0. 

The rated formula of heat transfer for the 
values h/d < 0.5 is of the form 

Nu, = 0.55 . d(Re,) . Pr1i3 (4) 

where the index h indicates that the distance 
from the nozzle to the plate is of the required 
dimension. 

Equation (4) is valid for the whole range of the 
outflow rates investigated. 

For small values of h/d the jet practically has 
no expansion and the recovering flow must not 
have an appreciable influence on the washout 
of the jet, Approximately we deal here with the 
case of heat transfer near the drag (critical) 
point of a body streamlined by the potential 
flow of incompressible liquid. 

A comparison of our data at h/d < 0.5 with 
the theoretical and experimental works [4-‘71 on 
heat transfer near the drag point shows that in 
both cases there exists not only a qualitative 
agreement but also a quantitative one. Thus 
according to the theoretical solutions given by 
~ot~evich 141, Drake [‘7] and others, the heat 
transfer coefficient near the drag point of a 
body streamlined by a potential flow is pro- 
portional to the flow rate by 0.5 degree and this 
takes place in our case. Further, according to 
Goldstain [S] the rated formula for the case of 
heat transfer near the critical point will be of the 
following form : 

Ng II 0.57 R&J’s . &-&371. (5) 

Ulsamer [9] generalized the experimental data 
on heat transfer at the transversal stream-line of 
bodies by drop liquids and got the equation: 

Nu = O-6 * d(Re) ’ Pro.31 (6) 
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for the numbers Re = 50 + 10,000 and 
Pr = 6 + 1240. 

Thus formula (4) practically agrees with 
equations (5) and (6) derived for the transversal 
stream-line of bodies by the potential flow. The 
only difference lies in the fact that at a jet stream- 
line the heat transfer coefficient decreases with 
the increase of jet length h by 0.5 degree. 

The experimental data on heat transfer at the 
jet stream-line of a plate by a drop liquid which is 
normal to the flow for h/d < 05 have been 
plotted in Fig. 2. Equation (4) is represented in 
Fig. 2 by a solid line. Root mean-square scatter 
of the experimental data relative to the curve 4 
is Ic. 12 per cent. 

2-o 
I 

FIG. 2. The range h/d Q 0.5. 

l-nozzle diameter = 10.7 mm. 
2-nozzle diameter = 21.3 mm, 
3-nozzle diameter = 30.0 mm. 
4-nozzle diameter = 36.6 mm. 

In the range of 05 < h/d < 10.0 the data on 
heat transfer at the jet stream-line of a plate held 
normal to the flow by the drop liquid is summed 
up approximately by the equation: 

NuI = C , Rej-@ * Pr113 exp (-0,037 h/d) (7) 

where the index d in Nusselt and Reynolds 
criteria indicates that the nozzle diameter d is of 
the required dimension. The coefficient C in 
formula (7) depends on the nozzle diameter and 
is equal to 

C = 0.034 . d”*Q, 

where d is in mm. 
Figure 3 represents the experimental datarelat- 

ing to the region 0.5 < h/d < 10-O. The experi- 
mental points of Perry (21 points) received in the 

air with the nozzle d = 165 rmn for h/d = 8-O 
and at an angle of 90”, and the data represented 
by Schmidt and his co-workers [3] obtained for 
water with a nozzle d = 3-9 mm at h/d = 8-O are 
also plotted in Fig. 3. The range of variation of 
Reynolds numbers in the experiments carried 

3.5 

3.0 

z 

s 

2.5 

20 
3.0 4.0 45 

FIG. 3. The range 0.5 < h/d < 10.0. The dependence 
diagr tm 

0 

N = h& exp O-037 (h/d) 
c Pr113 

air 

I-nozzle diameter = 2*5 mm. 
2-nozzle diameter = 6-4 mm. 
J-nozzle diameter = 10.7 mm. 
4-no&e diameter = 3.9 mm- 

Schmidt’s experiments [3 1. 
5-nozzle diameter = 16.5 mm- 

Perry’s experiments [I]. 

out by Perry and Schmidt was from 11,000 to 
30,000 and from 27,000 to 50,000, respectively. 
As it can be seen from Fig. 3 the experimental 
data by Perry and Schmidt agree well with our 
equation (7). The root mean-scatter of the experi- 
mental data in reference to curve 7 does not 
exceed &8 per cent. 

Thus formula (7) can be recommended as a 
rated one for heat transfer between the jet and 
the plate oriented normally to the flow for the 
following variations in the range of the deter- 
mining criteria: O-5 < h/d < 10-O; Red from 
1600 to 50,000 and Pr from 0.7 to 10-O. 

Since the data of Perry for an angle of 90” 
agrees well with our equation (7) it may be 
expected that the ex~~mental data of Perry for 
other angles will also be given approximately 
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by equation (7). Fig. 4 in fact presents the 
experimental data of Perry for angles of 15”, 
30”, 45”, 60” and 75” calculated according to 
equation (7). For comparison Fig. 4 also shows 
our generalized curve which we got for heat 

FIG. 4. The range 05 < h/d < 10.0. The in&me of 
angle of attack upon the jet heat transfer. The curve 

4 = 90” was plotted according to formula (7). 

N = Nud exp 0.037 (h/d) 
c PW 

transfer between the jet and the plate normal to 

Equation (7) taking into account the influence 

the flow (angle # = 90’). It is possible to count 
the influence of the angle I/I and the correction 

of the angle at the jet heat transfer will be of the 

coefficient l 9 the values of which are given in 

form : 

Fig. 5. 

Nud = C . E$ * Re,0’64 * Pr1J3 exp (-0.037 h/d) (7’) 

However, one must handle this formula with 
care since the values of the coefficients l 4 were 
obtained for a constant diameter of the nozzle 
and only for a single value of h/d z 8.0. 

A comparison of equation (7) with formula (2) 
of Thurlow, which is only valid for h/d > 10.0, 
shows that in the whole range of h/d starting 
from h/d > 0.5 there exists a general regularity 
in the variation of the heat transfer coefficient 

depending on the relative jet length h/d and the 
heat transfer coefficient a decreases propor- 
tionally to exp (-0.037 h/d) : 

a - exp (-0.037 h/d). 

At O-5 < h/d < IO.0 the heat transfer coeffi- 
cient largely depends on the outflow rate wO. In 
the above mentioned range the criterion Nud is 
proportional to Re, to the power O-64: 

Nu, N Rei’64 

0.8 

P 

0.7 

06 

O-51 I I I I 
90 75 60 45 30 15 

P, degrees 

FIG. 5. The correlation coefficient (4 taking into 
account the angle of attack in formulae (7’) and (8’). 

In the range of h/d > 10.0 the dependence of 
the heat transfer coefficient on the outflow rate 
greatly decreases and, as stated by Thurlow [2], 
the criterion Nud becomes proportional to 
Re, raised to the power l/3 : 

Nud - Re,‘13 

And in this range the influence of natural 
convection becomes more perceptible for a 
larger increase in h/d. 

It is interesting to note that if we replace 
Re,0’64 by Re:13 and take Pr = 1 in formula (7) 
then the coefficient C will be -d1/3. According 
to Thurlow [2] the coefficient C in formula (2) 
is proportional to dls5 i.e. at h/d > 10-O and on 
substitution of Rel13 for Rei’64 formula (7) 
practically agrees with Thurlow’s formula (2). 

Thus, we may suppose that for heat transfer at 
the jet stream-line of a plate held normal to the 
flow there exist three zones which differ in h/d: 
the first zone corresponds to h/d < 0.5, the 
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second zone to 0.5 < h/d < 10.0, the third zone 
to h/d > 10.0. The rated formula for heat 
transfer in the first zone is given by equation 
(4), in the second zone by equation (7) and in the 
third zone it is Thurlow’s formula (2). In the 
last case, for materials which differ in their 
properties from air and for diameters of the 
nozzle other than those used in the experiments 
of Thurlow (3 in. and 1 in.) it is possible to 
suggest from tentative calculations the formula 
obtained on the basis of equation (7) and 
extrapolating for hfd > 10.0: 

Nud = Cl (Re, - Pr)ls3 exp (-0.037 h/d); (8) 

for angles # different than 90”: 

A%& = c,* EJI - (Red * Pr)l’s exp (-0.037 ham (8’) 

where C, = 0,034 * P and d is the nozzle 
diameter in mm. 

In their research the authors also showed the 
itiuence of the wall restricting flow on heat 
transfer at the jet stream-line of a vertical plate. 
From D/dext < 4-O this inliuence becomes 
noticeable (where D is the diameter of a vessel 
into which the outflow occurs and u&t is the 
external diameter of a nozzle). 

The experimental data referring to the heat 
transfer at the jet stream-line of a vertical plate 
under the conditions for the restricted volume 
(D/dext < 4-O) were plotted in Fig. 6. The 
experimental data are satisfactorily described by 
the formula : 

Nud = 3.68 * Re,0’3B * IF3 

exp (-0.037 h/d) - (~/d~~t)-“.b (9) 

which is valid for h/d > O-5 and 

Re, = 300 + 10,000. 
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25 

I 

1 / 
/ 

kOTi ’ ’ ’ I/,,( ,/,( ,,// / ,,/, 
2.0 25 3.0 3.5 4.0 45 

Wed 

FIG. 6. The jet heat transfer under the conditions of a 
restricted volume. h/d > 0.5. 

N =f Nu, exp 0.037 (h/d) - 
Pr’lS (B/dex,)-o*o 

I-nozzle diameter = 36.6 mm. 
Z-nozzle diameter = 30.0 mm. 
3-nozzle diameter = 21.3 mm. 

A straight line was plotted according to formula (9). 
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