
MMA Memo 203Forced Air Cooling at High AltitudeJingquan Chengemail: jcheng@nrao.eduNational Radio Astronomy Observatory949 North Cherry AvenueTucson, AZ 85721March 24, 1998AbstractThis memo discusses the e�ciency change of the forced air coolingprocess when the site is located at 5,000 m above sea level. Formulaeprovided give theoretical numbers on e�ciency loss. The calculationshows that for a larger characteristic length object, the loss in e�ciencymay be very large (78 %) since there is a transition between laminarto turbulent ow. For objects with smaller characteristic length, thee�ciency loss will be of the order between 17 % and 39 %. At thesame time, the memo also discusses the practical situation of the fane�ciency problem. The memo includes a number of useful �gures of thecooling e�ciency and a table of e�ciency loss for electrical equipmentat altitude.1 Introduction.In this discussion, we will use the following de�nitions:h or hc is the heat transfer coe�cient;m is a constant;q is the heat transferred in the convection;x or xc is the distance from the leading edge;Cp is the speci�c heat; 1



Cr is a constant;L is the characteristic length of the body;Nu is the dimensionless Nusselt number;Pr is the dimensionless Prandtl number;Re is the dimensionless Reynolds number;Vc is the characteristic ow velocity;�T is the temperature di�erence between the object and air ow;� is the thermal di�usivity;� is the absolute viscosity;� is the density;� is the kinematic viscosity and � = �� ;� is the thermal conductivity.2 Air properties at low and high sites.Table 1 lists the air properties which are of interest in the convection heattransfer process at sea level when the temperature is 0� C (Kreith 1986).Table 1: Air properties at sea level when the temperature is 0� C.Property MagnitudeDensity � 1.252 kg=m3Speci�c heat Cp 1011 J/kg KThermal di�usivity � 19.2 x10�6 m2=sThermal conductivity � 0.0237 W/m KAbsolute viscosity � 17.456 x10�6 Ns=m2Kinematic viscosity � 13.942 x10�6 m2=sPrandtl number Pr 0.71When the altitude changes, the air density changes rapidly as in Figure 1.For an altitude of 5000 m, the air density is 0.660 kg=m3: 54 % that atsea level. Other parameters of interest are absolute viscosity and thermal2



conductivity. Hoerner (1965) states the absolute viscosity, �, is a function oftemperature and for most practical purposes is independent of pressure. At0� C and at sea level, the absolute viscosity of air is 17.456x10�6 Ns=m2.However, projection from data of Perry suggests a 2% drop when at analtitude of 5000 m due to pressure drop (Table 3-280 of Perry 1973). Thethermal conductivty is even less a�ected by the altitude change. The changewould be less then 0.2% (Table 3-288 of Perry 1973). Table 2 lists the airproperty data for an altitude of 5000 m. The change of kinematic viscosityis caused by the change of air density.
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Figure 1: Air density as a function of altitude.Table 2: Air properties at 5000 m altitude used for the calculation.Properties Magnitude NotesDensity � 0.660 kg=m3 Ref: GrayThermal conductivity � 0.0237 W/m KAbsolute viscosity � 17.107 x10�6 Ns=m2 Reduction of 2%Kinematic viscosity � 25.920x10�6 m2=sPrandtl number Pr 0.71
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3 Dimensionless numbers and heat transfer coef-�cient.Forced air cooling is a convection heat transfer process. The heat transferredis: q = h�T (1)In representing the convectional heat transfer, the following dimensionlessnumbers are important. These are the Reynolds number, Prandtl number,and Nusselt number : Re = V L� = �V L� (2)Pr = �� (3)Nu = hL� (4)Among these quantities, Nu is directly related to the heat transfer coe�-cient, h. From the local value of Nu, the local value of hc can be obtained,and then an average heat transfer coe�cient hc and an average Nu number.For this reason, in the following we will use Nu or Nu number to repre-sent the heat transfer coe�cient, h. Nu for a ow immersed body is alsopredicted from Re and Pr numbers by:Nu = Cr(Re)m(Pr)1=3 (5)where Cr and m are constants. The local convection coe�cient is:hcx = Cr �x(Re)m(Pr)1=3 (6)The average heat transfer coe�cient is:hc = 2hc(x=L) (7)The average Nu number is: Nu = hcL� (8)4



4 Forced convection heat transfer formulae.Forced convection is complex due to the ow properties and shape of theobject bodies. In this paper we only discuss two cases: plate case withits surface parallel to the air ow direction and cylinder case with its axisperpendicular to the ow direction. Other shaped bodies are not discussedin this memo, but similar e�ects would be expected. Laminar and turbulentows are discussed. For a at plate, when the Re number is less than 5 x105, the plate cooling is under the laminar boundary-layer ow. There isno mixing of warmer and colder air particles by eddy motion and the heattransfer takes place solely by conduction. The coe�cients in formula (5) areCr= 0.332 and m = 0:5.Nu = 0:332(Re)0:5(Pr)1=3 (9)Using the same de�nition of average heat transfer coe�cient, the averageNusselt number Nu at this point is (p217 of Kreith 1986):Nu = 0:664(Re)0:5(Pr)1=3 (10)When the Re number is larger than 5 x 105, the cooling is a combination oflaminar and turbulent ow. In reality, a laminar layer precedes the turbulentlayer when the Re number is larger than 5 x 105. The transition fromlaminar ow to turbulent ow happens at a critical distance from the plateleading edge. In the transitional ow a certain amount of mixing occursby means of eddies, which carry warmer air into colder regions, and viceversa. The mixing motion, even if it is only on a small scale, acceleratesthe transfer of heat considerably. Adding both the turbulent and laminare�ects, the average Nusselt number Nu for cases which include both laminarand turbulent ows is ( p232 of Kreith 1986):Nu = 0:036((Re)0:8� 23; 200)(Pr)1=3 (11)The above mentioned case is rare in forced air cooling as vibration of fans orcooling objects can induce the transition from laminar to turbulent ow sonear to the leading edge that, for practical purposes, the boundary layer isturbulent over the entire surface. At this time, there is no e�ect of laminarlayer cooling. The average Nusselt number Nu in this case when the Renumber is between 5 x 105 and 5 x 107 will take the form of (p232 of Kreith1986 and p476 of Janna 1986):Nu = 0:036(Re)0:8(Pr)1=3 (12)5



For other shaped bodies, e.g., circular cylinders axes perpendicular to theair ow, the general formula is the same as Equation (5). The coe�cients arelisted in Table 3 for laminar air cooling(Table 10-5 of Perry). The transitionfor cylinder shape cooling happens when the Re number is larger than 2.5x 105. Table 3: Constants of heat transfer for cylinders.Re number Pr number Cr m1-4 > 0:6 0.989 0.3304-40 > 0:6 0.911 0.38540-4000 > 0:6 0.683 0.4664x103-4x104 > 0:6 0.193 0.6184x104-2.5x105 > 0:6 0.0266 0.805If the ow is within a pipe or a duct, the characteristic length is:L = 4 flow cross � sectional areawetted perimeter (13)For a circular long pipe, the characteristic length is its diameter. The transi-tion happens at Re number being 2000 to 5000 (p290 of Kreith). Before thetransition, the Nu number is a function of (Re)0:3 and after the transition,the Nu number is a function of (Re)0:8.
Figure 2: Air ow velocity and Re number at sea level and 5000 m altitudefor 1 m long plate. 6
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5000 m altitudeFigure 3: Nu number as a function of air ow velocity at sea level and 5000m altitude for 1 m long plate.5 Forced convection heat transfer for high and lowaltitudes.5.1 Plate cooling if characteristic length is equal to 1 m.The characteristic length, L, of a plate parallel to the ow is its length.From the formulae and data provided in the previous sections, we couldcalculate the Re and Nu number change when the site is moved to a 5000m altitude. Figure 2 here is the Re number for di�erent air ow velocitywhen the characteristic length is equal to 1 m. From this �gure, the changein altitude will change the Re number signi�cantly. This is important as thetransition between the laminar and the turbulent layers for a plate parallelto the ow will happen at Re = 5 x 105. Using the Re number calculatedin the average Nu number formulae, the results are shown in Figure 3.The abrupt transitions in the �gure are caused by the transition betweenlaminar ow and turbulent ow. The cooling e�ciency will drop greatly ifthe velocity is between these two vertical lines. For a plate length muchgreater than 1 m, the transition will be in a even lower velocity range. Inthis �gure, we assume that no laminar layers precede the turbulent layerson the plate surface. This is true for most forced air cooling processes. Thee�ciency loss is:27 % for 1 m/s ow velocity;27 % for 4 m/s ow velocity; 7



74 % for 7 m/s ow velocity;78 % for 12.9 m/s ow velocity;39 % for 16 m/s ow velocity;39 % for 20 m/s ow velocity.
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5000 m altitudeFigure 4: Nu number as a function of air ow velocity at sea level and 5000m altitude for 0.02 m diameter cylinder.5.2 Cylinder cooling if the characteristic length is equal to0.02 m.The characteristic length of a cylinder perpendicular to the ow is its di-ameter. For a characteristic length of 0.02 m, the Re number is reduced by50 times that for a characteristic length of 1 m,. The ow is always withinlaminar range ( Re � 2.5 x 105 for cylinders). However, the coe�cient forcylinder calculations is related to the Re number as shown in Table 3. Ahigher Re number will result in a higher power in the Nu number calcula-tion. Figure 4 shows the curves of Nu as a function of ow velocity. Thegeneral trend in the �gure is that the lower the ow velocity, the smaller thee�ciency loss. The exact e�ciency loss in this �gure is:18 % for 0.013 m/s ow velocity;25 % for 1 m/s ow velocity;31 % for 10 m/s ow velocity; 8



32 % for 20 m/s ow velocity;33 % for 30 m/s ow velocity.5.3 Forced air cooling if the characteristic length is verysmall.For electronic cabin cooling, since the dimensions of the components beingcooled are limited to 0.05 - 0.1 m, the Re number in most cases is alwayssmall and the cooling process is within the laminar range. The e�ciencyloss at high altitude could be simply represented by (�1�0 )m (range from 17%to 39%), where m ranges from 0.3 to 0.8 depending upon the shape of thecomponents and the Re number.6 Fan e�ciency and other site equipment.For a �xed fan, the air ow volume is constant. Figure 5 is provided herefrom a catalog of a fan manufacturer ( Comair Rotron, 1992). From the�gure, the fan performance is greatly reduced if the fan is used at increasedaltitude. Usually, the air ow velocity is �xed for a particular fan. Whenthe air density is reduced, the Re number will be reduced in the same ratioas the density. The Re number determines the Nu number which is anindicator of the cooling e�ciency. In cases where the fan speed changes,the basic fan laws state that the air ow volume varies directly with thefan speed ratio, the air pressure varies with square at speed ratio, and thepower varies with cube of speed ratio. The horsepower also varies with theair density. By increasing the fan speed 22 % at a 5000 m altitude (theair density is 54 % of that at sea level), the horsepower required from thefan motor remains constant. However, the Re number will be reduced by afactor of 34 %. The Nu number would also be reduced. This assumes thatthe fan motor does not have e�ciency loss.Air density change also a�ects the cooling of electrical equipment. Theelectrical equipment would produce heat during operation. The heat isdissipated mostly via forced air cooling within the equipment. Generally,larger equipment will have greater loss in e�ciency in forced air coolingas the characteristic length, L, is a determining factor in the calculationof the Re number. The Re number may reach a transition from laminarow to turbulent ow when the altitude is low, while it may be below thetransition when the altitude is high. For example, the diesel engine has9



Figure 5: Fan performance change as the site altitude changes.Table 4: Equipment size increase to achieve sea level output.Item 2000 m 3000 m 4000 m 5000 mDiesel engines 25% 40% 55% 70%Air compressors 35% 55% 75% 95%Vacuum pumps 20% 30% 40% 50%Transmission lines 10% 20% 30% 40%Transformers 5% 15% 25% 35%Electrical machines 5% 15% 25% 35%dimensions near to or larger than 1 m. The reduction in cooling e�ciencymay be signi�cant. Of course, thinner air at altitude is an addtional factorin reducing the engine e�ciency. This is not discussed in this memo. Inan article by Jimenez, there is a table for correction in output of electricalequipment when at altitude. The table does not have other descriptions andis included for reference (Table 4). However it agrees well in most cases withour prediction on the forced air cooling.7 Conclusion.Forced air cooling at altitude will be seriously a�ected if the characteristiclength of the object is about 1 m or larger (in a particular case, a reductioncould be as large as 78 %). However a proportional reduction between 17%and 39% in e�ciency is expected for all small size objects. For electricalequipment, Table 4 is a good estimation for the e�ciency loss at altitude.10
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