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Heat-exchange in liquid-iniected screw-compressors 

J.-G. Persson, M. Sc. , Stockholm !Sl 

Zusammenfass ung 

Be i öl- oder wassereingespritzten Luft-Schraubenkompres soren wurde 
immer wieder gefordert, e inen höheren Grad an isothermer Kompression 
zu erreichen und dadurch die s pezifische Lei stungsaufnahme beträcht­

li ch zu senken. Darum wurde e in vereinfachtes thermomechanisches 

Modell zur Untersuchung der Einspritzkühlung entwickelt. Dabei wurde 

vorausgesetzt, die eingespritzte Flüssigkeit werde zu e inem einheit­

li chen Sprühnebel ze rstäubt. Bei der öleinspritzung wurde der 
zwischen Luft und öl stattfindene Wärmeaustausch untersuc ht. Im Fa lle 
der Wasserinjektion konzentrierte s ich die Untersuchung auf de n 

Transport von Wärme und Masse, wie er bei der Kühlung durch Verdunst­

ung s tattfindet. Dabei wurde jeweil s die aufgrund der Kühlung 

mögliche Minderung der spezifischen Lei stungsaufnahme mit dem für die 

Zerstäubungsarbeit nötigen Energieverbrauch verglichen. Diese Unter­
suchungen zeigten: Einerseit s erfolgt die Verdichtung inm1er nur über 

sehr kurze Ze it. Andererseits ist die Kontaktfläche zwi sc hen ein­

gespritzter Flüssigkeit und Luft begrenzt, und der zur Erhöhung dieser 

Kontaktfläche erforderliche Energiebedarf für eine Fe inzerstäubung in 

äusserst kleine Tröpfchen gleicht das Einsparung sz i el derart wieder 

aus, da ss in der Praxi s nur wenige Verminderung der spezifi schen 

Leistungsa ufnahme erreicht werden kann. 

Abstract 

A s ignificant potenti al for reduction of specific power consumption in 

oil- or water-flooded a ir compressors of screw type, due to virtually 

isothermal compression, ha s often been claimed. A s implified thermo­

dynamic model for injection cooling has been developed. The injected 

liquid has been considered atomized into a uniform spray. For oil 
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inj ect ion, transient heat transfer air - oi l has been st udied. For 

water injection, transient heat and mass tra nsfer, i.e. evaporat ion 

coo ling, has been stud i ed. Specific power reduction due to cooling 

has been compared to power cons umpti on for liquid atomizatio n. Due to 

the very short time of compress ion, as well as the balance between a 

limited co ntact area liquid - air, or an increased power co nsumption 

for atomization into very sma ll droplets, only a minor reduct ion in 

specific power ca n be obtained in practice. 

Symbo l s I 
A 

c 

cp, cv , c n 
D 

d 

k 

L 

M 

m 
n 
p 

P" 

q 

qm 

qv 
R 

r 

T 

t 

V 

w 

w 

X 

Symbole 

m 

kg ; m3 

J/(kg·K) 

m2/s 
m 

m/s 

m 

kg/kmol 

kg 

Pa 

Pa 

J /kg 

kg/s 

m3/s 

J/(kg·K) 
J/kg 

K, s 

oc 

m3 /kg 
J/m3 

m/s 

liquid surface area; Flüss igkeitfl äc he 

vapour concentrati on; Dampfkonzentration 

specifi c heat ca pacity; spezifische Wärmekapazität 

diffu s ion coeffi ci ent; Diffusionskoeffizient 

dropl et diameter; Tropfendiameter 

coefficient of mass t r ansfer ; 
Ma sse ntran sportkoeffi zi ent 

length of compre ss ion chamber; 
Länge der Verdi chterraum 

molar mass; Molare Ma sse 

ma ss; Masse 

polytropi c exponent; Polytropenexponent 

pre ss ure; Druck 

vapour saturation pressure ; Sätt i gu ng sdruck 

specif ic heat; Spez ifi sc he Wärme 

rate of mass flow; Masse ndurchflu ss 

rate of volume flow; Volumendurchflu ss 

gas constant; Ga skon stante 

spec ifi c latent heat of vapori zat ion; 
spez ifi sche Verdampfungse nthalpi e 

thermodynamic temperature, or time cons tant; 
thermodynamische Temperatur, oder Ze itkonstante 

Ce l s ius temperature; Ce l s iu s-Temperatur 

spec ifi c volume; spezifi sches Volumen 
spec ifi c compress ion work; 
spez ifi sc he Verdi chterarbe it 

velocity; Geschwindigkeit 

vapour /a ir ma ss ratio; Ma ssenverhältni s 
Dampf/ Luft 



VDI BERICHTE 

0<: W/(m2· K) 

(3 

t:.w m/s 

e.~ K 

X. 

) W/(m·K) 
y m2;s 

1T 

'? kg/m3 

't' s 

4> w 

Re w · d/ v 
Bi OC· d/(2·.A ) L 
Nu CX· d/ A 
Sh k·d/D 
Pr S> · v· cp/.i\ 
Sc V ! D 

Subscriets I Indizes 

coeff i cie nt of heat transfer; 
WärmeUbergangskoeffizient 

rate of heat capacity ratio; 
Wärmekapazitätverhältnis 

s lip velocity; Relativgeschwindigkeit 
temperature difference; Temperaturdifferenz 
i sentropic exponent; Isentropenexponent 

thermal condu ct ivity ; Wärmeleitfähigkeit 

kinematic vi scos ity; kinematische Vi skosität 

pressure ratio; Druckverhältni s 
density; Dichte 

time; Zeit 

rate of heat flow; Wärmestrom 

Reynolds number 
Biot number 

Nusselt number 
Shannon (Sherwood) number 
Prandtl number 
Schmidt number 

ax axia l ; axia l 
initial; Anfang 

L liquid; FlUssigkeit 

t tangential; tangential 

v vapour; Dampf 

w droplet s lip; Relativgeschwindigkeit 

l inlet, or bulk gas; Einlauf, oder Gasmasse 

2 out let, or droplet surface; Ab l ass, oder Tropfenfläche 

l . Idealization of the liquid injected screw compressor 

For compression of atmospheric air to 8 bar(a), the reduction in power 

consumption shou l d theoretically be 27 % for i sotherma l compression, 
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as compared to single-stage i sentropic compression. Thi s study / l / wa s 

performed to investigate, if the potential for power reduction could 

be utilized in practice. 
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The tip speed for an oil-injected screw compressor for air compression, 

should be within t he range 15 - 40 m/s (somewhat higher with water 

injection). Fora medium size compressor, the compression time wi ll 

then be roughly 3 - 15 ms. Thermal equilibrium ail·-liquid can t hen 

not be obta ined during t he compression. 

1.1 Genera l approx imations 

All injected liquid assumed to be in the form of a uniform s pray 
of spherical droplets. 

Droplets assumed to f low through the compressor with the axia l 
air ve locity . 

Accumu lated liquid, due to i nternal l eakage, assumed to be in t he 

form of a liquid f ilm, i . e. co ntribution to heat transfer cou ld 
be neg lected. 

Heat transfer to rotors and casing neg lected. 

Uniformdroplet temperature (Bi < 1). 

Losses due to air and liquid leakage not considered. 

Air f low thrott ling losses not considered. 

Po lytropi c compression of air, with po lytropi c exponent 

1 _$ n < X. 

1. 2 Drop let s li p ve loci ty 

The s l ip ve l ocity component s ~w between air and liquid droplet s , have 
been defi ned in fig. 1: 

AIR VELOC IT Y ""t 

DROPLET VELOCilY wt - Ä""t 

- ~ {: AXIrlL Alll VELOC J rY wa>< 

Fig. 1. 

Bi 1 d 1. 

AXIAl DROPLET VELOC ITY w - ~w 
ax ax 

- RAD I AL DROPL ET VELOC 1 TY ~w 

Drop l et s lip ve locities 

Tropfen-Re l ati vgeschwindigkeit 
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Tiny dropl ets injected into t he screw comp ressor will rapid ly be 

acce le rated in ax i al and tangent i a l direct i on, by the aerodyna mi c drag. 

For very l ow Re, the drag coefficient should be ca l cu l ated according to 

Stoke, and a first orderdifferenti al equat i on will t hen be obtained 

for the dropl et motion. The time constant T is independent of the w 
absolute air velocity component w, and will be the same for axia l and 

ta ngentia l motion : 

T w 
( l) 

The dropl et response timeT has been ca l cu l ated vs ' drop l et diameter d, 
w 

in table l . Due to t he rotat i on of t he sc rew compressor rotor cavit i es, 

liquid dropletswill be exposed to a ce ntrifugal force, giving a radial 

drop l et velocity. The radial steady state s lip vel oc itywi ll be 

determined by the balance between centrifugal force, due to rotation, 

and aerodynamic drag . The r adi al s lip ve l ocity t:.w ha s al so been 
calculated vs ' droplet diameter, in table l, with the drag coeffic i ent 

according to Stoke, or Pra ndl (for Re > 1). If injected at low radial 

velocity, droplets should r apidly accumulate on the comp ress or casi ng, 

due to centrifugal force. However, for this s implified study, all 

drop l ets have been ass umed to su rvive in drop let form during the 

compression, representing a t heoretica l upper limi t for the heat 

tra nsmission air/liquid. 

DROPLET AXIAL & TANGENT I AL RAD IAL SLIP 
DIAMETER SLI P 

d Re T ms I!.JH m/ s Re rad i a l <lob e ) 
p m max ... t..-avers ing time 

ms 

l I 0.002 0.02 0.002 2500 

10 1 3 0 . 2 1 .5 I. 7 33 

20 25 0.9 4 9. 1 12 

50 60 6 12 68 4 

100 130 23 23 260 2 

Table l. Dropl ets lip ca l cu l ation 

Tabel l e l. Tropfen-Gleitberechnung 
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2. Oil injection - transient heat tran sfer 
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Heat transfer and temperature di s tribution for an oil 
dropl et 

Wärmetransport und Temperaturverte\lung e ines öltropfens 

tL 

For co nvective heat tran sfer between spheres and air (fig. 2)' without 
pha se change, t he Nusse l t number will be, accordi ng to /2/: 

{ ~ - 37 
Re0.6 17 < Re < 70 000 

Nu = 
Re < 17 ( 2) 

With dropl et s i ze and Reynolds number accordi ng to table 1, Nu will 

be within the range 2 - 10, and Bi < l. The thermal re sistance on the 
air s ide will t hen be do~inat ing and t he droplet temperature shou ld 

be approximate ly uniform /3/ . Eq uatio ns for the heat exc hang er mode l 
in fig. 3: 
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TEMPERAf URE t 

TI ME 7:' 
L/IN a x 

Fig. 3. 

Bild 3. 

Heat exchanger model for the oil inj ected compres sor 

Modell des Wärmea ustausc hs in e inem öleingespritzte n 
Sc hraubenkompressor 

Li qu id surface area i n the compression zone: 

A 

Polytropic spec ifi c heat ca pa city of air : 

R • (X-n) c = _ __:.:..,~_::____:~ 

n ( n- 1) · (><. -1) 

Rate of heat f low air - coo l ant: 

J = Q.·A·::J' = q · c ·(~- -']l = q · c · (-' - -'2 ) r m m n ml PL 

Log ar ithmi c mean temperature difference: 

Air/coalant rate of heat ca paci ty ratio : 
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(3) 

( 4) 

( 5) 

(6) 

(7) 
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Combining equations ( 3 ) - (7) yi e lds : 

"{ 

1 n (r-'1-"1)·(1- (3) +~] 

6 · Nu(Re(d))·~· L -f-' (H 
(8) 

d . !\· cpl. wax f> ~ ~ ~ ; f3 = 1 

~l i s given by the difference 
injected. The air temperature 
calcul ated from the polytropi c 

in inl et temperature between air and oi l 

increase during compress ion, will be 
re l ation: 

n-1 
T (TT n 
1. - l) 

Lower limits for t he mass flow ratio are given by ~2 0, 

corres ponding to thermal equilibrium : 

(qm /qm) = [ 1 - -'1 1-'(n)] · cn 
L Ot ·A -oo 

(n)/cp 
L 

( 9) 

( 1 0) 

From equations (8) - (10) , the spec ifi c work of compress ion and t he 

polytropic expone nt have been plotted vs ' ma ss rat i o oi l / air, with t he 

droplet diameteras parameter. One repre sentat i ve example is prese nted 

in fig. 4. As seen from th e diagram, very small droplets will be 
required to provide surface enough for any significant heat tra nsfer 
and power saving. 
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Fig. 4. Specifi c work of compress ion and po ly tropi c ex pon ent vs ' 
oi l /air ma ss ratio and droplet s ize 

Bild 4. Spezifi sche Kompress ionsarbeit und Po lytropenexponent im 
Verg l eich zum Öl /Luft-Verhä l tni s und zur Tropfengrös se 
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3. Water injection/evaporative cooling- transient heat and mass 
transfer 

129 

For vol ati l e coolants, calculations based on the assumption of 
complete thermal equ ilibrium have shown a dominant influence from the 
vaporization /4/. With this assumption, only a small amount of water 

should be required for efficient coo ling, due to the high heat of 
vaporization , as compared to the sensible heat capac ity of water. For 

a high- speed screw compressor, however, a model for non - stationary 
heat and ma ss transferwill be required (fig. 5). 

MOl ST UR E CONCENTRATION c TEMPERATURE t 

Fi g. 5. 

Bi l d 5. 

i~ "' COI\JC ENTRA 1 I ON / THERMAL 
BOUNDARY LAVEn BOUNDARY LAYER 

RATE OF dmL RATE OF dq 
EVAPORATION 

d't' 
HEAT FLOW 

d'(' 

Heat and mas s transfer, and temperature and vapour 
concentration distributions for a water droplet 

Wärme- und Ma ssetransport sowie Temperatur/ Wasserdampf­
Konzentrationsverteilung eines Wassertropfens 

Cerrelations for forced convection heat and mass transfer /5/: 

Nu 2 + 0.6· Re 112 · Pr113 

Sh 2 + 0.6 · Re112 . Sc113 

( 11 ) 

( 12) 

Rate of heat f l ow from air to water droplets, per unit mass of air: 

Ot. . A ( 13) 
m 
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Rate of evaporation: 

dml = 
d't 

Vapeur press ure in bu1k air: 

ML 
(1 + ­X· M 

Vapeur conce ntrat i on in bu1k air : 

Vapeur con centration at drop1 et surface : 

p" ( T ) 
2 

Change of spec ifi c volume of air with time : 

dv ~ _ wax . v .. ( 1 
dt' L 1 

-1 / n 
- rr l 

Changes of s tate during time element d~ 
Air temp erature change: 

- -
1
- · ( p · dv + dq) 

cv 1 

Dropl et t emp erature change: 

dT2 c 
PL 

[ dq 
ml /m + dml J r(T2). iiiL 

Change of air humidity: 

dx -
111 
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(14) 

( 15) 

( 16) 

( 17) 

( 18 ) 

( 19) 

( 20) 

( 21) 
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Comp res s i on work per un i t volume of ai r: 

dW = qi · (cp · dT 1 
+ dq) (22) 

Equat i ons (13) - (22 ) have been so l ved numer i ca ll y. Graphs for t he 

spec ifi c work of compress i on vs ' re l at ive li quid amount, wi t h drop let 
s i ze as parameter, are given i n fi g. 6, f or one repre sentati ve case of 

a i r comp ress i on to 8 ba r( a) wi t h wate r inj ect i on. Lower l i mi t for t he 

spec i f i c work has been ca l cul at ed based on t he ass ump t i on of t hermal 

equil ib r i um . The very sma ll amoun t of water requi red t heoreti call y, 

i s cl early see n. For rea li st i c va lues of t he drop let diameter, however, 

con sider ing t he t ime requi red for evapora ti on, as well as t he co upl i ng 

between drop let temperature and rate of evaporat i on, t he cont ribu t i on 

t o cooling f rom evapor ati onwill be neg li gi bl e . 
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Vergl e ich zum Was ser/ Luft-Masseverhäl t ni s und Tropfeng rösse 
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4. Injection nozz les 

Though theories for liquid jet and film breakup have been establis hed 

/6/, no general method for prediction of drop-size distributions i s 
available. A variety of empir ical correlations, valid for spec ifi c 
nozzle types, have been proposed, however /6/. The theoretical energy 

requirement for atomization of a liquid is defined by t he product of 
surface tension and the surface area produced. For commercia l 
atomizers, the efficiency i s very low, usually 0.1 - 0.5 % only. As 

A ~ 1/d, a considerable amount of energy will be required for 

atomization to droplets of small diameter d. 

4.1 Hydraulic nozzle s of centrifugal (swirl) type 

Pressure-driven hydraulic nozzl es, and the full cone type in particular, 

produce a rather coarse spray . In hollow cone nozzles, the liquid 

enters the nozzle chamber tangentially, and a free vortexwill be 
formed. Due to the pressure drop in the ce ntre of a free vortex, the 

liquid cavitates and an air core will be formed. In full co ne nozz les, 

a forced vortexwill be created by means of internal helical vanes. 

In a forced vortex , the liquid rotates like a so lid body and no air 

core will be formed. 

4. 2 Two-fluid (pneumatic) nozzl es 

Compressed air and liquid will be mi xed in the noz zle. The se nozz les, 

especially the sonic type, produce a very fine spray, at the expense 

of a high power requirement. In sonic nozzl es, the air is expanded 

through a supersonic nozzle, and the liquid i s passed through a s hock 
wave. 

4.3 Sp inning disc atomizers 

For this type of atomizer, work i s imparted to the fluid by mean s of 
an impeller. The tangential velocity i s therefore independent of the 
flow rate and the feed press ure. The power requirement wi 11 be of the 
same order of magnitude as for hydraulic nozzle s . 
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4.4. Nozzle performance 

Empirical data on droplet size vs' flow rate for atomi zation of water 
have been summarized in fig. 7. In fig. 8 , rough estimations of nozzle 
power consumption vs' water flow rate have been plotted. 

Fi g. 7. 

Bild 7. 

Fi g . 8. 

Bi ld 8. 
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5. Comparison of compression and atomization work 

In fig. 9, the specific work of atomization for a water injected screw 
compressor has been plotted tagether with the specific work of 
compression. For the high degree of atomization required to reduce 
the compression work, a pneumati c noz zl e with a very high power 
consumption should be required. The reduction in compression work due 
to improved cooling will then be counterbalanced by the considerable 
energy requirement for atomization. 

SPECIFIC WORK W kJ/m 
3 

300 droplet mean diameter d pm 

·- ·-·-·- ·- ·- ·~ i sent .;;;-p~~o--;;;pre~i on 

200 i s othermal compression ~~~~~ 
o SONI C / 

WATER 25 C NOZZLE S . . . . 
COMPR. TIME 3.5 ms droplets~s~pec1yf1c atom1zat1 o n 

8 bar<a> 15 _ 50 ~m work 
L...--~ AIR 15° C .t '- '- ' 

4
PNEUMATIC NO Z ZLES· 

drop(ei~":)'26' - ' j5~ HYDRAU~I s: 

~~~~~V/ /'~~5;; ~'ß~~~~ droplets 80- 300 t-~m 

10 0 

0 
1. 0 10 !"l ASS RA T IO q / q 100 

mL rn 

Fig. 9. Specific work of atomization compared to specific work of 
compress ion, for a water injected screw compressor 

Bild 9. Spezifische Zerstäubungsarbeit verg lichen mit der spezifischen 
Kompressionsarbeit eines wa ssereingespritzten Schrauben­
kompressors 

Experience from tests of oi l and water injected screw compressors has 

al so shown that, in high-speed screw compressors, any s igni ficant 

reduction of the specific work for compression cannot even be obtained 
by injection of a very fine spray. This i s an indication that, due to 

internal turbulence and centrifuga l action, the droplet s will rapidly 
form a liquid film, with a much lower surface/volume ratio, on the 

compressor ca s ing. 
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The main advantage of liquid injection will therefore be the improved 

sea ling of the clearances, the improved cooling of rotors and casing, 
and the lubricating film in the rotor mesh. By improved cooling of 

the metal parts, therma l distorsionswill be reduced and a higher air 

temperature and hence a much higher stage pressure ratio can then be 
accepted, than for dry screw compressors. 
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